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This  report  describes  oufr-£4rst~year *s  efforts  to  study  some  of  the 
relationships  among  structure,  bonding,  electronic  structure  and  trans¬ 
port  properties  of  various  amorphous  semiconductors. (  The  organization 
of  this  report  is  quite  different  from  that  of  the  report  describing  the 
first  six  months'  work.  In  that  report,  it  seemed  most  appropriate  to 
divide  the  material  into  those  areas  supervised  by  the  three  principal 
investigators.  At  the  present  time,  such  a  division  is  rather  difficult 
because  of  the  large  number  of  cooperative  and  joint  efforts.  It  has 
proved  valuable  to  move  in  directions  in  which  particular  materials  are 
prepared  and  studied  Jointly,  with  different  areas  of  expertise  coordi¬ 
nated  towards  common  goals  of  understanding.  Hence,  we  have  chosen  to 
organize  the  report  in  terms  of  increasing  complexity  of  materials  being 
studied. 

The  report  begins,  therefore,  with  studies  of  elemental  amorphous 
materials.  It  goes  on  to  a  description  of  our  efforts  with  binary  ma¬ 
terials  and  ends  with  an  account  of  research  on  more  complex  systems. 

To  those  searching  out  the  most  important  results,  we  summarize 
those  as  follows. 


1.  Continued  research  on  amorphous  Ge  and  Si  tends  to  reinforce 
the  basic  results  that  these  materials  are  best  described  by 
a  random  network  model  in  which  there  are,  in  some  cases, 
voids.  Contrary  to  most  theoretical  models,  however,  the 
best  samples  of  these  materials  do  not  show  high  density 
tails  in  the  electronic  densities  of  states.  This  work  is 
described  in  Section  I  of  the  report. 
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2.  Starting  with  x-ray  diffraction  radial  distribution  studies, 
and  then  continuing  with  neutron  diffraction,  x-ray  induced 
photoemission,  x-ray  absorption  edge  spectroscopy  and  ultra¬ 
violet  photoemission,  it  has  been  shown  that  the  bonding  in 
the  Ge-Te  amorphous  alloy  system  is  quite  different  from  that 
in  crystalline  GeTe.  The  studies  rule  out  the  possibility 
that  amorphous  GeTe  can  be  described  as  microcystalline  GeTe. 

They  show  that  the  bonding  is  considerably  more  covalent  than 
in  crystalline  GeTe  or,  for  that  matter,  crystalline  GeSe  or 
GeS.  These  experimental  results,  taken  together,  present  the 
strongest  structural  confirmation  of  the  Mott-Cohen,  Fritzsche 
and  Ovshinsky  model  of  bonding  in  amorphous  semiconductors. 

This  work  is  described  in  Sections  II.B  through  II. F  of  the 
report . 

3.  It  has  been  demonstrated  that  the  addition  of  metallic  dopants 
to  amorphous  As^Se^  markedly  suppresses  infrared  absorption  as¬ 
sociated  with  small  concentrations  of  oxygen.  When  taken  to¬ 
gether  with  the  results  of  other  workers,  this  result  implies 
that  the  Judicial  use  of  such  dopants  may  considerably  simplify 

infrared  window  technology.  This  work  is  described  in  Section  * 

1 1 1. A  of  the  report. 

*> 

4.  Considerable  progress  has  been  made  towards  the  development  of 
a  model  which  may  explain  most  of  the  photoconductive  proper¬ 
ties  of  complex  amorphous  chalcogenide  alloys.  This  work  is 
described  in  Section  III.B. 
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I.  ELEMENTAL  MATERIALS 

This  section  is  concerned  with  studies  of  the  closely  related 
elemental  amorphous  materials,  Si  and  Ge.  It  consists  of  three  parts. 
The  first  is  a  brief  study  of  an  important  approximation  in  a  paper 
which  is  generally  accepted  as  having  shown  that  amorphous  Si  is  best 
described  by  a  random  network  model  with,  in  certain  cases,  voids. 

The  second  portion  is  a  preprint  describing  photoemission  measurements 
on  amorphous  Ge  which  relate  electronic  densities  of  states  to  deposi¬ 
tion  and  annealing  conditions.  In  addition,  this  work  establishes  the 
position  of  the  Fermi  level  at  the  surface.  In  the  third  section,  spec¬ 
ulations  about  the  relationship  between  measured  electronic  properties 
and  the  void  structure  are  presented.  A  tentative  attempt  is  made  to 
understand  the  differences  in  the  densities  of  states  for  the  crystal¬ 
line  and  amorphous  materials  in  terms  of  the  covalent  bond  and  the  Bragg 
reflection  conditions. 
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A.  Structural  Studies  (F.  Betts  and  A.  Bienenstock) 

The  question  of  whether  the  structures  of  amorphous  materials  are 
best  described  by  a  mlcrc crystalline  or  random  network  model  has  been 
with  us  now  for  nearly  forty  years .  It  takes  on  added  Importance  in  a 
period  when  scientists  are  attempting  to  understand  charge  transport  in 
them,  for  each  model  would  dictate  a  different  interpretation  of  the  low 
conductivities . 

In  recent  years,  however,  there  appears  to  be  a  strong  shift  in 

favor  of  the  random  network  type  models  for  amorphous  semiconductors. 

The  strongest  case  provided  is  that  by  Betts  et  al*  for  amorphous  GeTe, 

where  no  crystalline  analogue  is  apparent,  as  discussed  above.  In  addi- 

2 

tion,  however,  the  work  of  Moss  and  Graczyk  presents  strong  evidence 
for  the  inapplicability  of  the  microcrystalline  model  to  amorphous  sil¬ 
icon.  These  authors  obtained  careful  electron  diffraction  data  on  the 
material.  They  then  calculated  the  diffraction  pattern  to  be  expected 
from  a  variety  cf  microcrystalline  models  and  showed  that  none  of  the 
calculations  could  yield  tho  measured  intensities.  A  potential  short¬ 
coming  of  their  work  was  that  they  neglected  to  include  the  effects  of 
intercrystallite  scattering  in  thoir  calculations.  That  is,  they  as¬ 
sumed  that  each  crystallite  scatters  independently.  The  justification 
for  this  neglect  was  uncertain. 

The  difficulty  of  assessing  the  role  of  interp  rticle  interference 
comes  from  the  fact  that  no  one  has  a  clear  idea  of  how  the  crystallites 
would  be  arranged  in  a  microcrystalline  array  of  the  high  packing  frac¬ 
tions  necessary  to  achieve  amorphous  densities.  To  circumvent  this  prob¬ 
lem  and  obtain  an  estimate  of  the  order  of  magnitude  of  the  interparticle 
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interference  terms,  we  have  approximated  the  microcrystalline  system 
with  a  rather  simple  model. 

The  model  assumes,  first  of  all,  that  there  is  no  correlation  in 
the  orientation  of  neighboring  crystallites.  This  may  be  its  most  seri¬ 
ous  flaw.  Nevertheless,  it  does  allow  for  considerable  simplification 
of  the  mathematics  and  should  give  reasonable  order  of  magnitude  results. 

The  second  assumption  of  the  model  is  that  the  probability  of  find- 

3 

ing  two  crystallites  separated  by  a  given  distance  is  given  by  the  Finney 
radial  distribution  function  for  the  "liquid"  packing  of  hard  spheres. 

Finally,  we  note  that  in  using  the  hard  sphere  radial  distribution, 
it  is  necessary  to  ascribe  a  hard  sphere  radius  to  the  microcrystallites. 
If  one  uses  a  radius  characteristic  of  the  crystallite  size,  it  is  appar¬ 
ent  that  the  high  density  of  amorphous  silicon  will  not  be  achieved. 

Hence,  we  have  adjusted  the  hard  sphere  radius  in  the  pair  distribution 
function  to  match  the  density.  This  implies  that  some  crystallites 
overlap . 

Under  these  three  approximations,  we  have  calculated  the  effects 
of  interparticle  interference  for  the  most  important  of  the  models  con¬ 
sidered  by  Moss  and  Graczyk  and  found  them  to  be  negligible  at  all  but 
very  small  angles,  where  our  approximations  are  unreliable.  Since  the 
discrepancies  between  the  model  calculations  and  the  observed  intensi¬ 
ties  are  most  important  at  higher  angles,  our  calculations  indicate  that 
it  is  extremely  unlikely  that  the  discrepancies  can  be  explained  on  the 
basis  of  interparticle  interference.  Hence,  they  provide  added  support 
for  a  random  network  model  of  amorphous  silicon. 
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B.  Photoemission  Investigation  of  Amorphous  Germanium* 

C.  G.  Ribbingf  D.  T.  Pierce  and  W.  E.  Spicer 

ABSTRACT:  Photoemission  measurements  of  amorphous  germanium  films 
have  been  made  in  the  photon  energy  range  6.2-11.7  eV.  A  spectrum  with 
one  broad  peak  1.25  eV  below  the  high  energy  cutoff  is  obtained, 
similar  to  earlier  results  of  Spicer  and  Donovan.  By  comparison 
with  gold  spectra  and  using  simple  models  for  the  resolution  function 
and  the  high  energy  edge  in  the  electron  distribution,  the  valence 
band  edge  is  placed  0.31  ±0.05  eV  below  the  Fermi-energy ,  with  no 
evidence  for  tailing  of  the  density  of  states  into  the  gap.  Careful 
annealing  measurements  through  several  temperatures  below  the  crystalli¬ 
zation  temperature  showed  no  gradual  changes  until  the  rather  abrupt 
appearance  of  crystalline  structure  after  anneals  to  300  and  350°  C. 
Deposition  at  rates  of  2  i/sec.  and  26  l/sec.  gave  no  significant 
change  nor  did  deposition  onto  substrates  at  -170°  to  4-150°  C.  The 
absolute  photoelectric  yield  was  measured  and  it's  energy  dependence 
found  to  be  in  very  good  agreement  with  recent  theoretical  results 
of  Ballantyne.  During  successive  annealings  the  yield  first  increased 
and  then  decreased  to  a  significantly  smaller  value  than  the  amorphous 
yield.  A  tentative  explanation  of  this  behavior  is  given  within  a 
random  network  description  of  amorphous  germanium. 
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I.  INTRODUCTION 


The  electronic  structure  of  amorphous  germanium  films  has  been 

intensively  studied  during  recent  years.  Important  contributions  have  been 

1  2 

the  theoretical  work  of  Mott  ’  ,  the  optical  and  electrical  measurements 
3  4-6 

by  Clark  ,  the  optical  studies  of  Tauc  et  al  ,  the  photoemission  and  optical 

7-9 

measurements  by  Spicer  and  Donovan  ,  and  the  very  recent  studies  of 
optical  properties  and  th^eir  dependence  on  annealing  and  deposition  rate  by 
Thdye10’11. 

In  the  work  reported  here,  which  is  an  extension  and  refinement  of  the 

photoemission  measurements  of  Spicer  and  Donovan,  we  particularly  wanted 

to  study  how  the  annealing  properties  of  amorphous  Ge  films  varied  with 

deposition  conditions  such  as  substrate  temperature  and  evaporation  rate. 

V.'c  also  aimed  to  locate  the  Fermi  level  with  respect  to  the  valence  band 

6 

edge.  Since  there  has  been  considerable  discussion  about  tailing  of  the 

density  of  states  into  the  gap,  we  also  considered  it  worthwhile  to  repeat 

9 

Spicer  and  Donovan's  comparison  of  photoelectron  energy  distribution  curves 
(EDC's)  for  amorphous  Ge  the  EDC's  of  the  same  film  annealed  in  situ 

until  characteristic  crystalline  structure  appeared. 


II.  EXPERIMENTAL 


The  measurements  were  performed  with  UV-light  monochromated  to  a  full 

width  at  half  maximum  of  0.10-0.20  eV  over  a  photon  energy  range  6.2  £  ^?id*s  ll.SeV 

The.  upper  limit  was  set  by  the  transmission  cutoff  of  the  LiF-window  on  the 

ultra  high  vacuum  chamber.  The  photoelectron  energy  was  measured  with  the 

spherical  screened  emitter  retarding  field  energy  analyzer  described 

12  13 

by  DiStefano  and  Pierce  '  .  The  energy  distribution  curves  were  obtained 

14  15 

using  the  ac  modulation  technique  reported  by  Spicer  and  Berglund  and  Eden  . 
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The  substrate  holder  was  essentially  a  block  of  annealed  copper  which  could 
be  pivoted  out  of  the  collector  so  that  the  substrate  was  in  a  horizontal 
position  for  evaporation.  The  substrate  was  a  polished  disk  shaped  single 
crystal  of  Ge  (p-type,  11  fiem,  from  Semimetal).  The  substrate  holder 
contained  a  heater  and  a  thermocouple  used  to  monitor  the  sample  temperature. 

A  special  cooling  device  was  constructed  which  allowed  the  sample 
to  be  cooled  to  near  liquid  nitrogen  temperature.  It  consisted  principally 
of  a  15  cm  long,  5  mm  thick  flexible  bundle  of  hydorgen  fired  0.013  mm  OFHC 
copper  wires,  the  ends  of  which  were  brazed  into  blocks  of  annealed  copper. 
One  block  wps  tightly  screwed  onto  the  tip  of  a  cold-finger  that  could 
be  filled  with  liquid  nitrogen  from  the  outside  of  the  chamber.  The  other 
end  was  connected  to  the  substrate  holder  via  a  polished  sapphire  disc  1  mm 
thick,  providing  good  thermal  conduction  to  the  substrate,  but  also 
electrical  insulation  from  the  chamber.  An  extra  pyrex  washer  had  the 
effect  of  increasing  the  mechanical  pressure  between  disc  and  substrate 
when  the  metal  parts  thermally  contracted.  This  way  of  cooling  does  not 
give  quite  as  low  a  final  temperature  as  cooling  the  substrate  directly 
with  liquid  nitrogen,  but  the  extra  noise  due  to  the  vibrations  from  the 
boiling  liquid  is  avoided.  A  test  showed  that  with  this  set-up  we  could 
change  the  sample  temperature  from  -170PC  to  +600° C  both  in  the  emission 
and  evaporation  positions. 

After  roughing,  bake  out  and  pump  down  to  ultrahigh  vacuum  (UHV) ,  the 
substrate  was  heat  cleaned  at  more  than  450°  C  for  about  15  minutes,  and  the 
e-gun  and  source  material  was  outgassed  by  pre-evaporation  with  the  shutter 
closed.  The  evaporations  were  made  with  an  e-gun  48  cm  from  the  substrate. 
The  material  used  was  intrinsic  grade  poly crystal line  Ge  obtained  from 
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Eagle-Pi cher.  The  rate  of  deposition  and  the  final  film  thickness  were 

monitored  with  a  quartz  microbalance  mounted  next  to  the  substrate.  All 

films  studied  in  this  work  were  about  1000  A  thick.  During  the  evaporations 

-10  -9 

the  chamber  base  pressure  of  1  x  10  Torr  rose  to  7  x  10  Torr  for  a 
deposition  rate  of  2  1/sec.  The  higher  deposition  rate  of  26  A/sec 
increased  the  pressure  to  1  x  10  7Torr. 

III.  RESULTS  AND  DISCUSSION 
Comparison  to  Previous  Experiment 

An  EDC  from  a  film  evaporated  onto  a  room  temperature  (RT  s;  293P  K) 

substrate  at  a  rate  of  2  1/sec  is  compared  in  Fig.  1  to  an  EDC  measured  by 

9 

Spicer  and  Donovan.  While  there  is  general  overall  agreement, the  two 

noticeable  differences  in  our  EDC  are  the  0.25  eV  shift  of  the  main  peak 

to  higher  energy  and  the  extra,  very  weak  structure  3  eV  below  the  main 

peak.  We  attribute  the  shift  of  the  main  peak  to  the  improved  resolution 

12 

obtained  using  the  screened  energy  analyzer  .  We  locate  the  position  of  the 
main  peak  1.25  eV  below  the  valence  band  edge.  The  new  structure  is  too 
weak  for  us  to  conclude  whether  or  not  it  is  due  to  a  real  increase  in  the 
initial  density  of  states.  It  appears  just  as  probable  that  it  originates 
from  a  superposition  of  scattered  electrons  onto  the  bottom  of  the  valence 
band.  This  weak  shoulder  is  visible  through  several  photon  energies, 

10.2  to  11.7  eV,  at  rbout  the  same  position  relative  to  the  main  peak. 

When  the  measurements  on  this  film  were  repeated  at  a  sample  temperature 
of  -17CP  C,  a  sharpening  of  the  leeding  edge  of  about  0.08  eV  was  observed 
at  lower  photon  energies.  We  attribute  this  shift  to  a  reduced  electron- 
phonon  sccttering. 

Location  of  the  Valence  Band  Edge 
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A  difficult  problem  in  photocmission  studies  of  semiconductors  is  to 
place  the  high  energy  cutoff  properly,  thereby  locating  the  valence  band 
edge.  The  cutoff  in  the  semiconductor  is  cruscd  by  the  density  of  states 
and  is  not  so  steep  p.s  the  metallic  cutoff  due  to  the  Fermi  function 
at  RT.  Also,  since  the  edge  is  broadened  by  the  instrumental  resolution 
function,  it  is  necessary  to  somehow  deconvolve  the  experimental  curve  to 
find  the  true  cutoff  in  tHe  density  of  states.  (We  shall  use  the  concept 
of  resolution  function,  meaning  the  experimental  curve  obtained  from  mersuring 
an  emitted  6-function  distribution.  Effectively,  it  is  the  same  as  the 
conventional  "window”  in  ordinary  spectroscopy,  only  with  the  opposite 
shift  in  non- symmetric  cases.) 

In  order  to  find  the  valence  band  edge  in  amorphous  Ge  we  have  used 
the  following  procedure  based  on  comparison  with  the  cutoff  for  a  metal. 

The  EDC's  of  Au  films  were  recorded  in  the  same  geometry  and  at  the  same 
low  photon  energies  as  the  Ge  films.  Taking  the  metallic  cutoff  as  the 
midpoint  of  the  linear  part  of  the  high  energy  edge  gave  a  total  width  of 
the  EDC  which  was  in  excellent  agreement  with  the  difference  between  the 
photon  energy  and  work  function  of  the  collector  as  determined  independently 
by  a  Fowler  plot  of  the  yield.  Such  a  cutoff  in  the  middle  of  the  high 
energy  edge  indicates  that  the  resolution  function  is  symmetric  as  can  be 
seen  from  the  idealized  case  in  Fig.  2  a  and  b.  A  symmetric  (case  1)  and 
non- symmetric  (case  2  )  resolution  function  are  shown  in  Fig.  2a  where  the 
arrows  symbolize  the  emitted  6-function  distribution  of  electrons.  The 
nonesymmetric  resolution  function  of  ease  2  shifts  the  edge  to  lower  energy 
and  hence  shifts  the  cutoff  away  from  the  middle  of  the  linear  region. 

Since  imperfect  anrlyzer  geometry  gives  a  non-symmetric  resolution  function 


as  in  case  2,  we  suggest  that  this  error  is  unimportant  compared  to  random  errors 

such  as  an  unevenness  in  the  analyzer  work  function  and  the  spectfal  line 

width  of  the  UV-light.  The  principal  reason  for  the  insignificant  geometrical 

error  is  probably  the  screened  emitter  analyzer. 

In  order  to  get  a  quantitative  description,  the  two  simple  models  of 

a  rectangular  and  triangular  resolution  function  are  treated  in  Fig.2c-f. 

The  true  emitted  density  4f  states  in  the  metal  is  assumed  to  be  broadened 

only  by  the  Fermi  function  which  we  approximate  by  a  straight  edge  like  the 

dotted  distribution  in  Fig.  2c.  This  model  neglects  the  curvature  of  the 

Fermi  function  close  to  0  and  1,  but  since  we  are  only  going  to  use  the 

straight  middle  part  of  the  edges  in  our  analysis  we  consider  this  to  constitute 

16 

a  reasonable  first  approximation.  By  convolving  the  rectangular 

resolution  function  with  the  true  distribution  (dotted  line)  we  obtain  the 

measured  distribution  (full  line).  The  measured  EDC  will  have  a  linear 

region  with  a  corresponding  interval  L  on  the  E-axis.  The  relation, 

m 

L  =  W-x  where  W  is  the  width  of  the  resolution  function  and  x  the  width 
mm  m 

of  the  true  distribution,  is  easily  found.  To  determine  the  instrumental 

constant  W  it  remains  to  decide  what  width  x  should  be  attributed  to  the 

m 

metal  like  distribution.  This  is  done  either  by  merely  plotting  the  room 

temperature  Fermi  function  or  by  using  the  first  order  expansion  f (E)  = 

J[ 1- (E-Ej )/2kT]  and  extrapolating  to  f (E)  =  0  and  1.  In  both  cases,  at  20°  C 

a  value  of  x  =  0.10  eV  (  2=4kT)  is  obtained.  L  is  determined  from  the 
m  m 

measured  Au  EDC’s  to  be  0.15  cV  with  good  reproducibility  through  several 
low  photon  energies.  We  conclude  from  the  Au  measurements  and  from  an 
analysis  of  these  simple  models  that  the  resolution  function  is  symmetric 
with  a  width  W  =  0.25  eV. 
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For  comparison,  the  effect  of  a  triangular  window  Is  shown  in  Fig.  2e. 

The  spine  overall  effect  of  this  convolution  Is  observed,  i.e.  rounding  off 
corners  and  leaning  the  edge  back.  The  rectangular  resolution  function  was 
chosen  for  the  analysis  of  the  experimental  results  since  It  appears  to 
give  marginally  better  agreement  with  the  experimental  shape  and  is  simpler 
to  convolve. 

A  striking  feature  in  the  experimental  EDC's  from  the  amorphous  Ge  is 

that  their  leading  edges  also  have  a  linear  part.  This  indicates  that  the 

true  distribution  has  k  linear  region  of  at  least  the  same  length.  We 

take  as  the  simple  model  for  the  semiconductor  case  a  linear  edge  as 

represented  by  th>  dashed  line  in  Fig.  2d;  The  difference  from  the  "metallic" 

edge  is  thet  the  slope  is  considerably  less  steep  and  the  true  cutoff  is 

at  the  end  of  the  edge.  Fig.  2d  shows  the  result  of  convolving  this  edge 

with  the  same  resolution  function  as  in  Fig.  2c.  Two  observations  should 

be  mrde:  a  large  linear  region  is  obtained  in  the  middle  of  the  edge,  and, 

as  is  to  be  expected  when  the  resolution  function  has  a  smaller  width  then 

the  measured  structure,  the  slope  of  the  edge  is  retrlned  in  thPt  linear 

region.  For  the  semiconductor,  the  relation  between  the  llnerr  edge  and 

the  width  of  the  resolution  function  is  L  =  x  ~W.  The  location  of  the 

sc  sc 

true  cutoff  is  W/2  higher  than  the  end  of  the  linear  region,  which  coincides 
with  the  extrapolation  of  the  linear  part  to  the  E-axls.  It  is  not  practical 
to  relpte  anything  to  the  cutoff  of  the  instrumentally  boadened  EDC  since  the 
high  energy  "foot"  is  disturbed  by  noise  and  zero  line  drift.  Again  for 
cornarison,  the  effect  of  .a  triangular  resolution  function  on  the  same 
edge  is  demonstrated  in  Fig.  2f.  This  model  appears  to  exaggerate  the 
linearity  of  the  experimental  edge. 
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The  application  of  the  analysis  above  to  recorded  curves  of  Au  and  Ge 

is  shown  in  Fig.  3.  Average  values  of  L  *  0.29  and  x  =  0.54  eV  are 

sc  sc 

found.  The  vrlence  band  edge  is  placed  0.31  ±  .05  eV  below  the  Fermi 
level  by  measurements  from  several  EDO's  at  different  low  photon  energies. 

The  extrapolation  of  the  linear  part  of  the  edge  is  in  all  crses  in  very 
close  agreement  tothe  cutoff  obtrined  in  this  analysis  which  shows  the 
consistency  of  our  simple  models  with  the  experimental  results. 

Results  from  Annealed  Films 

The  amorphous  films  obtained  by  evaporation  were  all  annealed  in 
successive  steps  by  raising  the  substrate  temperature  for  about  one  hour 
to  a  predetermined  value  and  remaining  at  that  temperature  for  half  an  hour. 

A  precision  of  ±5°C  was  usual.  The  dramatic  effect  of  heat  treatment  at 
.  30CP  C  and  above  is  demonstrated  in  Fig.  4.  The  broad  structureless  EDC 
of  the  amorphous  material  is  transformed  into  the  rich  structure  typical 
for  crystalline  Ge.  After  the  final  photoemission  experiment  it  was  further¬ 
more  verified  by  x-ray  diffraction  that  the  film  gave  (220)  diffraction 
peaks  that  were  not  present  on  the  other  side  of  the  (lll)-oriented  substrata. 
From  the  width  of  the  diffraction  peaks  the  size  of  the  crystallites  was 
estimated  to  be  200-300i.  . 

Again  the  qualitative  agreement  with  the  annealing  experiment  of 
8 

Spicer  and  Donovrn  is  satisf rctory,  but  there  is  a  shift  in  the  crystalliza¬ 
tion  temperature.  Structure  characteristic  of  crystalline  film  is  apparent 
in  our  EDC's  after  annealing  at  250-30CPC  and  is  fully  developed  after 
annealing  at  300-350°  C.  The  corresponding  temperature  interval  for  the 
Ge. films  of  Donovan  and  Spicer  are  300-400^  C.and  400-45CP C  respectively, 
and  the  EDC's  display  a  more  gradual  change.  There  still  remains  some 
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uncertainty  about  the  source  of  these  differences.  Adamskl  has  shown 
experimentally  that  the  amorphous  to  polycrystalllne  and  polycrystalline 
to  epitaxial  transformation  temperatures  are  very  sensitive  to  oxygen 

_9  ji 

partial  pressures  as  low  as  5  x  10  Torr  during  evaporation.  Nowick 
also  argues  that  the  presence  of  any  impurities  that  are  insoluble  in  the 
crystalline  phase  stabilizes  the  amorphous  phase.  Crystallization  would 
force  such  imparities  to  separate  out  in  a  second  phase  which  corresponds 
to  a  high  activation  energy.  The  1  x  10  ^Torr  base  pressure  quoted  by 
Spicer  and  Donovan  is  better  than  ours,  so  the  only  apparent  source  of  extra 
oxygen  in  their  experiment  is  their  higher  pressure  during  evaporation, 

_7  -g 

1  x  10  Torr  as  compared  to  our  7  x  10  Torr.  We  note  however  that  the 
poorer  vacuum  with  the:  high  evaporation  rate  discussed  below  did  not  affect 
the  crystallization  temperature.  The  preparation  of  the  crystalline  substrates, 
polishing  and  later  heat  cleaning  in  high  vacuum,  was  virtually  identical 
in  both  experiments  so  approximately  the  same  amounts  of  substrate  oxides 
were  probably  present  initially. 

As  was  originally  noted  by  Spicer  and  Donovan  the  high  energy  edge 
of  the  EDC's  for  amorphous  Ge  is  at  least  as  sharp  as  for  pbl£ crystalline  Ge. 

In  fact  the  crystalline  edge  is  somewhat  less  steep,  which  can  be  understood 
as  an  effect  of  parabolic  bands.  It  should  be  noted,  however,  that  photoemission 

alone  cannot  rule  out  the  possibility  of  a  very  small  density  of  states  in 

17  ”3  19 

the  gap  ~  10  cm  ,  as  reported  by  Tauc,  Menth  and  Wood  for  amorphous 

As_S  . 

2  3 

A  striking  feature  of  Fig.  4  is  the  similarity  between  the  EDC's  from 
films  heated  only  up  to  25Cf  C.  This  result  is  different  from  the  recent 
results  of  Theye10  who  observes  a  gradual  change  in  refractive  index  and 
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absorption  coefficient  for  annealing  temperatures  well  below  the  crystallization 

temperature  (400°  C) .  Tht)ye  attributes  this  change  to  unsatisfied  bonds 

which  decrease  in  number  when  the  film  is  annealed.  We  believe  that  these 

unsatisfied  bonds  are  surface  states  on  micro-voids  as  demonstrated  for 

20 

amorphous  Si  by  Moss  and  Graczyk  ,  Arguing  against  the  presence  of  micro¬ 
voids,  ThSye  claims  that  her  films  showed  no  decrease  in  density  when 
annealed.  A  decrease,  however,  should  only  occur  if  the  voids  migrated  to 
the  surface,  but  not  if  they  merely  coalesced  and  thereby  reduced  the  void 
surface  and  the  number  of  "dangling  bond". 

Independent  of  what  the  defects  are  that  cause  the  gradual  changes 
upon  annealing  in  Theye's  films,  it  seems  as  if  they  are  not  present  in 
our  films.  A  shift  in  the  absorption  edge  of  about  0.4  eV  (Fig.  4,  Ref.  10) 
would  show  up  in  the  EDO's  unless  all  the  shift  was  due  to  a  change  in  the 
final  density  of  states  below  thr  vacuum  level,  an  assumption  that  appears 
rather  artificial.  The  obvious  reason  for  the  absence  of  defects  should 

then  be  the  several  orders  of  magnitude  lower  base  pressure  in  our  case. 

-6 

Theye's  high  deposition  rate  almost  makes  up  for  the  quoted  10  Torr  evaporation 

pressure  from  the  point  of  view  of  contamination.  The  fact  that  the 

crystallization  temperature  however  was  lOtf*  C  higher  than  ours  seems  to 

17  18 

indicate  the  presence  of  more -imparities  '  as  discussed  above.  The 

importance  of  Thdye’s  work  therefore  is  that  i t demonstrates  that  it  is 

possible  by  careful  annealing  to  approach  "thi  perfect  amorphous  state” 

obatinable  directly  in  ultrahigh  vacuum.  In  view  of  these  experiences  it 

3  6  7  21 

is  tempting  to  speculate  that  the  controversy  ’  ’  ’  about  tailing 

in  the  density  of  states  into  the  forbidden  gap  is  caused  by  different 

23 

preprration  techniques  giving  rise  to  more  or  less  voids  in  the  film. 
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The  amount  of  voids  is  substantially  reduced  if  the  film  is  deposited  under 
clean  conditions  in  ultra-high  vacuum. 

22 

Recently  it  has  been  noted  by  Donovan  and  Spicer  that  Ge  typically 
evaporates  in  the  forms  Ge^,  Ge,,,  Ge^,  and  Ge^  and  that  the  composition  of 
the  material  striking  the  substrate  could  effect  the  characteristics  of 
amorphous  films  so  formed.  One  would  expect  the  "perfect"  amorphous  film  to 
be  most  closely  approached  when  Ge  arrives  at  the  substrate  as  separated 
atoms.  Low  evaporation  temperatures  and  long  evaporation  distances  should 
maximize  this  since  the  fraction  of  atomic  Ge  is  highest  at  low  temperatures 
and  since  as  the  evaporation  distance  is  Increased,  the  probability  of 
Gen,  Ge_,  or  Ge  breakup  to  produce  more  atomic  Ge  is  increased.  We  did 
not  check  this  hypothesis  but  we  consider  it  to  be  a  possible  explanation 
for  the  discreprncles  reported  in  the  literature  on  the  properties  of 
amorphous  germanium. 

Effect  of  Substrate  Temperature 

In  subsequent  evaporations  the  effect  of  different  substrate  temperatures 
was  investigated.  This  is  exemplified  for  the  substrate  temperatures 
-170,  20,  150,  and  260° C  in  Fig.  5.  The  slight  broadening  of  the  15tf  C  curve 
is  most  likely  due  to  the  fact  that  it  was  recorded  with  a  conventional 
diode  anfclyzer  rather  than  with  the  screened  emitter  analyzer.  We  find 
it  a  rather  remarkrble  verification  of  the  well-defined  properties  of  amorphous 
Ge  that  the  EDC's  varied  so  little  over  a  range  in  substrate  temperature 
as  large  as  32(f  C. 

Apparently,  the  260WC  substrate  temperature  was  just  as  effective  to 

crystallize  the  material  as  a  30 (f  C  anneal.  This  is  easy  to  understand, 

18 

as  pointed  out  by  Nowick  ,  from  the  fact  the  mobility  required  for  crystal- 
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lization  is  easier  to  obtain  on  a  free  surface  during  an  evaporation  than  in 

the  already  built  up  film.  The  films  evaporated  at  the  three  lower  temperatures 

all  crystallized  in  the  srroe  250-35(f  C  range  in  contrast  to  the  observation 
,  „  11 

of  Theye  ,  who  reports  a  lower  crystallization  temperature  the  higher  the 
substrate  temperature.  Tentatively,  we  suggest  that  this  discrepancy  is 
due  to  the  larger  amount  of  voids  in  Th5ye's  films.  The  voids  in  the  imperfect 
amorphous  film  impede  crystallization,  but  they  are  reduced  in  number 
when  the  substrate  is  heated  due  to  the  higher  surface  mobility  of  the 
impinging  atoms. 

The  object  of  the  260^ C  evaporation  was  to  see  if  the  high  density 

23 

form  of  amorphous  Ge,  reported  by  Donovan  et  al  ,  had  some  characteristic 
feature  in  photoemission.  Due  to  the  lower  crystallization  temperature 
this  question  remains  to  be  answered.  In  principle  the  high  density 
phase  could  have  been  formed  on  the  15(f  C. substrate,  but  in  such  a  case 
the  srr'1  EDO's  were  obtained  as  in  the  case  of  the  normal  density  amorphous 
film. 

Effect  of  Rate  of  Deposition 

To  investigate  whet  influence  the  evaporation  rate  could  have  on  the 
EDO's  of  amorphous  Ge,  one  evaporation  wrs  tried  with  as  high  rate  as 
was  po  f.ible  within  the  constraints  of  the  long  source  to  substrate-distance 

-7  „ 

and  the  desire  to  maintain  a  pressure  £1  x  10  Torr.  A  rate  of  26  A/sec 
wrs  recorded.  This  is  frr  from  the  200  JUsec  reported  by  Th3ye*^’**,  but  it 
was  hoped  thrt  any  gross  effect  of  deposition  rate  would  be  revealed  by  the 
increase  from  2  to  26  A/sec.  A  pressure  of  1  x  10  Torr  during  an  evaporation 
of  more  than  30  sec.  corresponds  to  a  maximum  contamination  of  1  to  2 
monolayers  of  gas  molecules  over  the  1000 ^  of  the  film.  Therefore,  it  is  not 
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conclusively  demonstrated  that  the  shift  to  lower  energy  of  the  main  peak 
and  the  broadening  of  the  high  energy  edge  in  Fig.  5  really  stems  from  the 
high  evaporation  rate.  The  possibility  of  contamination  cannot  be  ruled 
out. 

s 

The  Photoelectric  Yield 

The  yield  of  photoemitted  electrons  per  incident  photon  wes  measured 
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over  the  entire  energy  range  using  a  calibrated  CSgSb  photocell  and  a 
#45  V  bias  on  the  collector.  The  absolute  yield  was  calculated  using  the 
formula  Y  =  y/(l-R)T  where  y  is  the  yield  found  from  measurement,  R  is  the 
reflectivity  of  the  film  and  T  is  the  transmission  of  the  LiF  window.  Since 
no  reflectivity  drta  for  fine  grain  polycrystalline  films  was  available  we 
chose  to  use  reflectivity  data  for  amorphous  Ge. 

The  resulting  yields  for  amorphous  and  annealed  film  are  presented 
in  Fig.  7.  At  high  energies  the  yield  of  the  amorphous  film  is  between 
the  yield  of  the  film  annealed  at  300  and  45(f  C.  We  believe  that  this 
surprising  result  can  be  interpreted  in  the  following  way.  Assuming  that 

25 

our  amorphous  Ge  forms  an  ideal  or  almost  ideal  tetrahedral  random  network  , 

it  is  easily  conceived  that  the  thermal  scattering  is  higher  than  in  a 

single  crystal  with  long  range  order.  This  will  give  the  amorphous  film 

a  higher  yield  since  increased  probability  of  elastic  or  almost  elastic 

scattering  will  increase  the  probability  that  an  excited  electron  reaches 
26 

the  escape  cone  This  arguement  is  based  on  the  assumption  that  the 
electron~electron  scrttering  length  is  larger  than  the  defect  scattering 
length.  The  first  annealing  step  to  300° C  can  then  be  understood  as  breaking 
up  the  network  and  creating  small  crystallites  (<*200  H),.  The  large  amount 
of  internal  surface  barriers  will  increase  the  total  scattering  giving  rise 
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to  the  higher  yield  obtained.  Continued  annealing  to  350-450P  C  increases 

the  grain  size  which  will  reduce  the  scattering  and  thus  the  yield  in 

complete  qualitative  agreement  with  the  results  in  Fig.  7.  The  choice  of 

amorphous  reflectivity  data  cannot  be  responsible  for  this  effect,  since 

27 

reflectance  values  reported  for  crystr.lline  Ge  would  make  the  yield  for  the 
450°  C  annerled  film  even  lower  by  as  much  as  25%  at  11  eV.  It  could, 
however,  mrke  the  difference  between  the  amorphous  and  the  30(fc  annealed  film 
much  smeller.  It  can  be  remarked  that  this  behavior  of  the  yield  through 
annealing  would  be  very  difficult  to  reconcile  with  any  kind  of  microcrystalline 
model  where  the  annealing  process  has  to  be  conceived  as  a  successive  growth 
of  microcrystall  ite3. 

Attempts  to  fit  the  energy  dependence  o’  the  yield  for  the  amorphous 

28 

film  to  any  simple  power  law  failed,  even  for  energy  ranges  close  to 

29 

threshold,  very  recent  results  of  Ballantyne  ,  however,  gave  a  remarkably 
good  fit  over  a  range  of  almost  3  eV  as  seen  in  Fig.  8.  The  energy 
dependence  of  the  yield  derived  by  Ballantyne  for  the  case  of  a  rectangular 
energy  distribution  of  excited  electrons  is:  Y  «  (hv  -  (p'fz(hv)2  where 

hv  Is  the  photon  energy  and  «pis  the  threshold.  The  derivation  of  this 

formula  includes  a  smearing  out  of  the  rectangular  distribution  by  a 
phenomenologidal  scattering  against  phonons,  defects,  impurities  or  surfaces. 

The  extrapolated  value  for  the  threshold  is  found  to  be  4.98  ±  .04  eV 

in  good  agreement  with  the  sum  of  the  values  for  the  work  function  4.63  ±.04eV 

and  the  difference  in  energy  between  Fermi  level  and  valence  band  maximum 
0.31  ±  0.05  eV  that  were  obtained  from  the  EDC's. 
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Figure-Captions 


A  comparison  of  amorphous  Ge  EDC's  of  Spicer  and  Donovan  (ref  9) 
and  of  the  present  work  showing  the  0.25  BV  shift  of  the  main  peak 
and  the  extra  low  energy  structure  3  eV  below  the  main  peak. 
Convolution  of  linear  edges  with  model  resolution  functions: 

a)  fjmmctric  and  npn-symmetric  rectangular  resolution  functions. 

b)  the  effect  oi  convolving  a  step-shaped  edge  with  the  resolution 
functions  in (a) showing  the  shift  of  the  edge  in  a  non-symmetric 
case. 

c)  "Metallic"  case,  showing  the  convolution  of  a  rectangular 
distribution  function  with  a  linear  edge  of  smaller  width . 

d)  "Semiconductor"  case  convolving  a  rectangular  distribution 
function  with  a  linear  edge  of  larger  width. 

e)  Like  (c)  but  with  a  triangular  resolution  function. 

f)  Like  (<D  but  wfi  th  a  triangular  resolution  function. 

Location  of  the  valence  band  edge  of  amorphous  germanium  using 
EDC's  from  Ge  and  Au  recorded  in  the  same  geometry . 

The  effect  of  annealing  on  the  EDC's  of  amorphous  Ge  films.  The 
curves  are  normalized  to  the  absolute  photoelectric  yield. 

The  effect  of  different  substrate  temperatures  on  the  EDC's  of 
Ge  films.  The  150P  C  curve  was  recorded  with  a  conventional  diode 
analyzer. 

Two  normalized  EDC's  of  Ge  films  deposited  on  RT  substrate  at 
different  rates. 

The  absolute  photoelectric  yield  for  an  as  deposited  Ge  film, 


after  a  300°  C  anneal  and  after  a  450P  C  anneal. 

Fig.  8  The  photoelectric  yield  of  amorphous  Ge  fitted  to  the  relation 
of  Ref.  28. 
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Considerations  of  Results  from  Amorphous  Ge  and  Si  (W.  E.  Spicer) 


1 .  Introduction 

Some  time  during  the  past  year  has  been  spent  in  examining  the 
data  generated  at  Stanford  on  amorphous  Ge,  Si  and  related  materials  and 
in  trying  to  understand  the  possible  implications  of  these  results.  In 
this  part  of  the  report  we  will  discuss  two  aspects  of  this  study.  The 
first  is  the  density  of  states  of  the  amorphous  material,  as  obtained 
from  the  photoemission  and  optical  measurements  and  its  comparison  with 
the  density  of  states  of  the  crystalline  material.  The  second  is  Fermi 
level  pinning  by  surface  states  and  its  possible  effect  on  transport  mea- 
surements.  It  should  be  emphasized  that  we  are  presenting  tentative  mod¬ 
els  for  the  purpose  of  stimulating  discussion  and  future  work. 

2.  Density  of  States— Chemical  and  Bragg  Band  Gaps 

In  Figure  9  and  10  we  present  the  optical  density  of  states  of 

amorphous  Ge  as  obtained  by  Donovan  and  Spicer.1  As  can  be  seen  in  Fig. 

10,  the  band  edges  are  found  to  be  quite  sharp.  Further  confirmation 

for  these  sharp  edges  has  been  found  in  the  recent  photoconductivity 

2  3 

work  of  Fischer  and  Donovan.  Pierce  and  Spicer  and  Fischer  and  Dono- 

4 

van  have  also  recently  found  evidence  for  a  sharp  absorption  edge  in 
Si.  It  thus  appears  that  it  is  possible  to  form  an  amorphous  solid 
while  retaining  band  edges  which  are  as  sharp  and  well  defined  as  those 
in  the  crystalline  material.  This  is  a  very  important  result  since  it 
is  strongly  disagreeable  with  the  starting  assumptions  Inherent  to  the 
Mott-Cohen  models  for  the  electronic  structure  of  amorphous  solids.  The 
potential  practical  implications  are  far  reaching.  Recent  theoretical 
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Figure  9.  Optical  Density  of  States  for  Amorphous  Ge. 


imtatmti 


NIC)  STATES/* V-ijtom 


Fig.  10.  Optical  Density  of  States  for 
Amorphous  Ge. 
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6  7 

work  by  Weaire  and  Heine  has  shown  that  theoretical  models  are  possible 
for  amorphous  materials  which  do  not  require  the  loss  of  sharp  band  edges. 

At  first  sight  the  retention  of  sharp  band  edges  seems  at  >'ads 
with  a  striking  feature  of  Fig.  9.  This  is  the  loss  of  the  sharp  struc¬ 
ture  in  the  crystalline  density  of  states  on  going  to  the  amorphous  ma¬ 
terial.  In  the  crystalline  materials,  there  are  sharp  conduction  band 
peaks  at  about  2.1,  3.9,  and  5.5  eV.  There  are  also  peaks  in  the  valence 
band  at  -2.6  and  -3.9  eV.  All  of  this  structure  disappears  in  the  amor¬ 
phous  materials.  Why  does  this  structure  disappear  while  the  band  edges 
remain  sharp?  In  order  to  understand  this,  it  seems  useful  to  make  a 
distinction  between  two  types  of  band  gaps:  1)  chemical  gaps  which  are 
primarily  the  result  of  the  chemical  character  of  the  material,  for  ex¬ 
ample  the  covalent  band  in  the  present  case,  and  2)  Bragg  gaps  which  are 
related  to  long-range  order  and  the  Bragg  reflection  condition.  As  can 
be  seen  from  an  examination, the  large  peaks  in  the  crystalline  density 
of  states  are  due  principally  to  states  near  the  zone  face  where  the 
effects  of  Bragg  reflection  would  be  greatest.  Thus  it  is  not  surpris¬ 
ing  that  these  peaks  should  disappear  when  long-range  order  and  thus  the 
Pragg  reflection  condition  is  eliminated. 

In  contrast,  the  sharp  band  edges  of  the  forbidden  gap  remain 
in  the  amorphous  material.  This  is  attributed  to  the  fact  that  the  co¬ 
valent  bond  is  retained  almost  undisturbed  in  the  amorphous  material  and 
the  minimum  band  gap  is  closely  related  to  the  covalent  bond.  In  recog¬ 
nition  of  its  chemical  nature,  this  band  gap  is  called  a  chemical  gap. 

The  sharpness  of  the  gap  in  the  amorphous  material  is  probably  a  reflec¬ 
tion  of  how  well  the  covalent  bond  is  defined;  however,  the  gap  energy 
is,  of  course,  much  less  than  the  covalent  bond  energy. 
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With  these  thoughts  in  mind,  one  can  take  a  new  look  at  the 
crystalline  and  amorphous  density  of  states  of  Fig.  9.  In  the  amorphous 
material  the  principal  constraint  on  the  density  of  states  is  the  coval¬ 
ent  bond;  thus,  the  density  of  states  for  the  amorphous  material  can  be 
thought  of  as  the  density  of  states  imposed  principally  by  the  covalent 
bond. 

For  the  crystalline  material,  a  second  major  constraint  is 
added,  that  of  long-range  order;  this  produces  Bragg  reflection  and  band 
structure  in  the  sense  of  the  Bloch  theorem  with  k  being  a  good  quantum 
number.  As  a  result  of  this  added  set  of  constraints,  the  sharp  peaks 
shown  in  Fig.  9  appear  in  the  density  of  states  of  the  crystalline  mate¬ 
rial.  Thus,  it  is  suggested  that  the  density  of  states  of  the  amorphous 
material  reflects  principally  the  constraints  set  by  the  covalent  bond; 
whereas,  the  density  of  states  of  the  crystalline  material  results  from 
the  constraints  set  by  long-range  crystalline  order  as  well  as  the  co¬ 
valent  bond. 

3.  Micro-Voids,  Fermi  Level  Pinning,  and  Other  Thoughts 

In  recent  years,  evidence  has  grown  that  micro-voids,  i.e., 

holes  or  pores  about  10  A  across,  can  play  an  important  role  in  amor- 

8 

phous  Ge  and  Si.  Ehrenreich  and  Turnbull  have  made  some  tentative 
suggestions  concerning  this  in  terms  of  a  "Swiss  Cheese"  model  of  amor¬ 
phous  Ge  and  Si.  The  micro-voids  also  may  be  important  in  more  complex 
amorphous  materials  although  this  has  not  been  established.  Hence,  we 
will  expand  on  the  previous  considerations  and  make  certain  new  sugges¬ 
tions.  The  variation  of  density  in  various  amorphous  Ge  samples  seems 
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to  be  due  to  the  presence  of  micro-voids.  However,  the  work  of  Donovan, 
g 

Ashley  and  Spicer  indicates  that  by  properly  choosing  the  temperature 
of  the  substrate  on  which  the  amorphous  material  is  formed,  one  can  vir¬ 
tually  eliminate  the  micro-voids  and  obtain  a  density  quite  similar  to 
that  of  crystalline  Ge.  The  message  seems  clear:  if  an  evaporated  Ge 
atom  is  to  find  an  "ideal"  site  as  the  amorphous  material  is  formed,  it 
must  have  sufficient  mobility  and  this  moMlity  is  thermally  activated. 

If  there  is  insufficient  mobility,  defects  occur  in  the  films.  These 
defects  coalesce  in  the  form  of  micro-voids.  Just  as  dislocations  are 
the  dominate  form  of  imperfection  in  crystalline  Ge,  micro-voids  appear 
to  be  dominant  in  amorphous  Ge.  It  may  be  useful  to  think  of  micro-voids 
in  amorphous  Ge  playing  a  role  similar  to  that  played  by  dislocations  in 
crystalline  Ge. 

One  striking  thing  about  the  annealing  of  amorphous  Ge  to  form 
the  crystalline  material  is  the  fact  that  the  transition  temperature  can 
vary  over  several  hundred  degrees  depending  on  conditions  under  which 
the  material  is  formed.  It  has  been  found  t  .at  the  better  the  vacuum 
conditions,  the  lower  the  temperature  at  which  the  amorphous  Ge  crystal¬ 
lizes.10  This  suggests  that  any  oxygen  present  in  the  film  will  tend  to 
be  on  the  surfaces  of  micro-voids  stabilizing  the  micro-void.  In  crys¬ 
talline  materials,  radiation  damage  studies  have  shown  that  vacancies 
formed  by  irradiation  tend  to  be  trapped  by  oxygon  impurities  in  the 
lattice.  In  a  similar  manner,  oxygen  impurities  probably  prefer  to  be 
on  the  surfaces  of  voids  rather  than  at  random  sites  in  the  bulk  of  amor¬ 
phous  Ge.  The  oxygen  also  probably  helps  nucleate  and  stabilize  micro¬ 
voids  in  the  amorphous  Ge.  To  carry  forward  the  analogy  between  disloca¬ 
tions  and  micro-voids,  oxygen  impurities  probably  increase  the  micro-void 
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count  in  amorphous  Ge  just  as  they  increased  the  dislocation  count  in 
crystalline  Ge. 

The  energy  of  Ge  containing  oxygen  impurities  would  certainly 
be  reduced  if  the  oxygen  were  transferred  from  the  bulk  to  the  surfaces 
of  micro-voids  since  the  oxygen  on  the  surface  of  the  micro-void  could 
"bridge"  between  surface  bonds  which  were  formerly  "dangling."  Conversely, 
if  the  micro-voids  are  to  be  removed  either  to  form  more  dense  amorphous 
Ge  and/or  in  the  process  of  crystallizing  the  film,  considerable  addi¬ 
tional  energy  must  be  supplied  if  oxygen  impurities  must  be  moved  from 

positions  where  they  bridge  "dangling"  bonds  on  micro-voia  surfaces  to 

/ 

bridging  sites  in  the  bulk  of  the  material.  Thus,  one  would  expect  oxy¬ 
gen  to  stabilize  the  micro-voids  and  thus  increase  the  amorphous -crystal¬ 
line  transformation  temperature  in  agreement  with  practical  experience. 

The  effect  of  micro-voids  on  the  electronic  properties  of  amor¬ 
phous  materials  should  not  be  overlooked.  It  is  well  established  that 
surface  states  often  associated  with  "dangling"  bonds  on  the  surfaces  of 
crystalline  Ge  and  Si  pin  the  Fermi  level  at  the  surface.  Usually,  the 
position  of  the  Fermi  level  at  the  surface  is  different  from  that  in  the 
bulk  of  the  materlul  resulting  in  band  bending  at  the  surface.  One  should 
expect  similar  pinning  at  the  surfaces  of  the  micro-voids.  Since  the 
micro-voids  will  be  distributed  throughout  the  bulk  of  the  amorphous 

material,  micro-functions  and  the  undulation  band  structure  suggested  by 
11  12 

Fritzsche,  Tauc,  and  others  could  result.  This  could  possibly  give 
rise  to  many  of  the  aspects  of  transport  phenomena  such  as  activated 
mobility  which  has  previously  been  associated  with  mobility  gap  models. 

It  should  be  noted  that  this  undulation  would  not  necessarily  result 
from  band  tailing  effects  but  simply  from  the  presence  of  micro-voids. 
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It  has  been  shown  that  one  can  obtain  large  spin  resonance 
13 

signals  from  amorphous  Si.  These  signals  have  the  same  character  as 

those  from  the  surfaces  of  crystalline  samples.  It  seems  reasonable  to 

14 

associate  them  with  the  surface  states  on  the  walls  of  micro-voids. 

It  seems  important  that  experiments  be  done  to  see  if  the  strength  of 

the  spin  signal  correlates  inversely  with  the  density  of  the  amorphous 

sample  as  would  be  expected  if  it  were  due  to  micro-voids.  It  has  been 

observed  that  the  spin  signal  goes  down  as  the  sample  is  annealed  in 

13 

agreement  with  a  micro-void  model. 

There  have  been  attempts  to  correlate  the  spin  signal  with 
15 

optical  absorption.  Care  should  be  taken  in  doing  this.  Since  the 
wave  functions  associated  with  the  surface  states  are  spacially  sepa¬ 
rated  from  the  conduction  and  valence  band  states,  the  matrix  elements 
coupling  surface  states  with  band  states  may  be  very  weak.  Only  if 

strong  excitation  is  possible  for  hv  <  E  will  the  surface  states 

g 

give  rise  to  measurable  absorption.  If  the  energy  separation  between 
the  ground  state  and  excited  surface  states  to  which  they  strongly 
couple  is  larger  than  the  band  gap,  it  will  be  very  difficult  to  de¬ 
tect  the  surface  states  by  optical  means.  Thus  one  should  not  neces¬ 
sarily  expect  correlation  between  the  resonance  signal  and  optical 
absorption  lying  below  the  band  gap. 

Attempts  have  been  made  to  use  capacitance  measurements  to 
determine  the  density  of  states  in  the  forbidden  gap  of  amorphous  semicon¬ 
ductors.  If  micro-voids  were  present,  the  surface  states  could  dominate 
the  experiment  and  thus  the  density  of  micro-void  surface  states  might 
be  confused  with  a  density  of  bulk  states  in  the  forbidden  gap.  Likewise, 
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the  micro-void  surface  states  might  provide  trap  states  in  photoconduc- 
tive  and  transport  measurements. 

As  mentioned  earlier,  according  to  the  Mott-Cohen  model,  when 
long-range  order  is  destroyed,  as  in  an  amorphous  material,  the  sharpness 
of  the  band  edges  is  also  destroyed,  leading  to  abnormal  tailing  of  states 
into  the  gap.  Recent  optical  absorption,  photoconductivity,  and  photoemis¬ 
sion  studies  of  amorphous  Ge  and  Si  have  failed  to  give  evidence  for  any 
such  tailing.  Rather,  the  band  edge  seems  to  be  as  sharp  in  the  amorphous 
as  in  the  crystalline  forms  of  these  materials.  More  recently,  theoreti¬ 
cal  results  have  been  obtained  which  argue  against  the  necessity  for  the 

6  7 

loss  of  a  sharp  edge  in  amorphous  Ge  and  Si.  ’  It  appears  important  to 
reexamine  the  experimental  evidence  for  band  tailing  from  magnetic  and 
transport  measurements  to  see  if  it  really  requires  the  necessity  for 
the  assumption  of  a  greater  number  of  states  in  the  gap  than  are  found  in 
comparable  crystalline  materials.  In  this  reexamination,  it  is  impor¬ 
tant  to  see  if  phenomena  previously  ascribed  to  band  tailing  in  the  bulk 
may  indeed  be  due  to  the  effects  of  micro-voids  mentioned  above. 
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II.  BINARY  MATERIALS 

This  section  presents  studies  on  binary  amorphous  materials.  The 
initial  subsection  describes  recent  efforts  to  build  up  sputtering  capa¬ 
bilities  for  these  and  more  complex  materials.  The  following  subsections 
deal  with  x-ray  diffraction,  neutron  diffraction,  electron  microscopy, 
x-ray  photoemission,  x-ray  absorption  edge  and  ultraviolet  photoemission 
studies  designed  to  elucidate  the  atomic  arrangements,  bonding  types  and 
electronic  densities  of  states  in  amorphous  and  crystalline  materials  in 
the  Ge-Te  system.  Then,  experimental  preparations  for  ultraviolet  photo¬ 
emission  studies  of  As^Se^  and  Se  are  briefly  discussed.  Finally,  initial 
structural  studies  in  the  Sl-Te  system  are  discussed. 


Preceding  page  blank 
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Thin-Film  Sputtering  Capabilities  (Y.  Verhelle  and  T.  Arnoldussen) 


In  a  number  of  studies  which  are  to  be  performed  during  the  coming 
year,  thin  films  of  binary  and  more  complex  amorphous  alloys  must  be 
prepared  in  special  geometries  which  include  thin  film  electrodes.  Such 
samples  have,  in  the  past,  been  provided  for  us  by  Energy  Conversion 
Devices,  Inc.  As  our  program  increased  in  magnitude,  and  with  the  in¬ 
creasing  coordination  between  different  groups  here,  it  became  important 
to  be  able  to  prepare  many  samples  of  the  same  composition  for  different 
types  of  investigations  (phase  separation,  electrical  transport,  etc.). 
As  a  result,  considerable  effort  has  been  put  into  the  acquisition  of 
skills  necessary  for  the  production  of  high  quality  sputtered  films. 
During  the  course  of  this  work,  we  have  studied  various  methods  of  cath¬ 
ode  preparation  and  the  dependence  of  cathode  quality  (grain  size,  com¬ 
position  homogeneity,  packing  coefficient  and  cathode  lamination)  as  a 
function  of  pressing  conditions  for  samples  in  the  Ge-Te  system.  Thus 
far,  three  high  quality  cathodes  in  this  system  have  been  prepared. 

This  work  was  performed  on  borrowed  equipment  so  that  we  might  purchase 
our  own  equipment  intelligently.  With  the  experience  gained,  we  have 
ordered  the  ball  mill,  hot  press  and  glove  box  which  should  be  appropri¬ 
ate  for  our  needs.  With  the  arrival  of  this  equipment,  we  expect  to  be 
able  to  prepare  cathodes  as  needed . 

At  the  same  time,  we  have  been  developing  sputtering  skills  with 
the  prepared  cathodes  and  have  produced  fairly  high  quality  thin  films 
for  phase  separation  and  photocrystallization  studies. 
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B.  X-Ray  and  Neutron  Diffraction  Radial  Distribution  Studies  of 

Amorphous  Ge-Te  Alloys  (F.  Betts,  A.  Bienenstock  and  D.  Keating) 

1, 2 

In  earlier  work  we  examined  the  structures  of  amorphous  GeTe  and 
various  Ge^Te^^  alloy  films  by  means  of  x-ray  diffraction  radial  distri¬ 
butions.  The  most  important  result  of  these  studies  was  that  the  inter¬ 
atomic  distances  throughout  the  compoisition  range  studied  (.l<x  C.7) 

3 

appeared  covalent.  This  result  is  consistent  with  the  Mott  or  Cohen, 

4 

Fritzsche  and  Ovshinsky  pictures  of  why  many  amorphous  semiconductor 
conductivities  are  so  insensitive  to  many  impurities.  In  these  pictures, 
each  atom  is  coordinated  such  that  covalent  bonding  requirements  are 
satisfied  locally.  As  a  result,  no  significant  number  of  donor  or  ac¬ 
ceptor  states  are  formed.  The  result  is  particularly  striking  because 
the  crystalline  GeTe,  which  would  appear  throughout  the  composition  range 
studied,  in  equilibrium,  has  significantly  larger  nearest  neighbor  GeTe 
separations  which  cannot  be  described  in  terms  of  simple  covalent  bond¬ 
ing. 

2 

For  the  alloys  which  are  dilute  in  Ge,  it  was  proposed  by  us  that 
the  structure  is  one  in  which  Ge  atoms  cross-link  Te  chains.  The  best 
evidence  for  this  structure  came  from  careful  analysis  of  an  x-ray  dif¬ 
fraction  radial  distribution  obtained  from  a  film  of  composition  Ge  ...Te  _ 

iii  • oy 

This  x-ray  diffraction  study  was  inconclusive  for  a  number  of  reasons. 

The  first  is  that  any  such  x-ray  radial  distribution  study  is  necessarily 

5 

ambiguous,  as  discussed  by  Keating.  More  important,  however,  is  the  fact 
that  it  was  difficult  to  make  strong  statements  about  the  Ge  coordination 
because  the  Ge  concentration  in  the  alloy  is  low  and  because  the  Ge  x-ray 
scattering  factor  is  significantly  smaller  than  that  of  Te.  As  a  result, 

Ge  bonding  contributions  to  the  area  of  the  first  radial  distribution  peak 
were  small. 
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In  an  effort  to  attach  greater  certainty  to  the  above-mentioned 

0 

bonding  picture,  we  have  performed  both  x-ray  and  neutron  diffraction 

radial  distribution  studies  of  amorphous  Ge  Te  ,  Of  these,  the 

• 17  • S3 

neutron  diffraction  study  is  most  important  and  is  discussed  here  ex¬ 
tensively.  Neutron  diffraction  offers  a  number  of  significant  advan¬ 
tages  for  such  studies  in  this  system.  First,  the  scattering  factors 
of  the  two  species  are  independent  of  scattering  angle.  As  a  result, 
certain  approximations  which  must  be  made  in  the  analysis  of  x-ray  dif¬ 
fraction  data  need  not  be  made  in  the  neutron  case.  Second,  since  the 
scattering  is  truly  nuclear,  and  because  the  above-mentioned  approxima¬ 
tions  are  not  necessary,  significantly  higher  resolution  can  be  obtained 
in  the  final  radial  distribution.  Third,  and  extremely  important,  is 
the  fact  that  the  neutron  scattering  factor  of  Ge  is  approximately  50$ 
larger  than  that  of  Te.  As  a  result,  the  radial  distribution  obtained 
is  significantly  more  sensitive  to  Ge  coordination  than  is  the  corre¬ 
sponding  x-ray  diffraction  radial  distribution  on  the  same  sample. 

These  virtues  have  shown  themselves  to  be  extremely  important,  as  is 
indicated  below. 

The  most  striking  disadvantage  of  neutron  diffraction  for  studies 
of  many  amorphous  semiconductors  is  that  fairly  large  quantities  of  bulk 
material  are  required,  whereas  most  of  these  samples  can  only  be  prepared 
through  vapor  deposition.  Fortunately,  Dr.  J.  deNeufville  of  Energy  Con¬ 
version  Devices,  Inc.  developed  a  technique  for  preparing  bulk  samples  of 

Ge.,_Te  _  and  made  them  available  for  this  study. 

•17  .83 

The  neutron  diffraction  radial  distribution  is  shown  in  Fig.  11. 

The  most  striking  features  of  this  distribution,  indicating  its  high 
quality,  are  the  absence  of  structure  for  R  less  than  2  A,  and  the 
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almost  perfect  resolution  of  the  first  neighbor  peak.  The  absence  of 
structure  indicates  that  there  are  no  serious  errors  in  the  intensity 
data,  or  its  analysis.  This,  coupled  with  the  high  resolution,  has  al¬ 
lowed  us  to  obtain  an  extremely  accurate  area. 

Our  analysis  of  the  radial  distribution  leads  to  the  following 
conclusions. 

1.  The  area  of  the  first  neighbor  peak  agrees  to  1  part,  in  900 

with  the  area  calculated  from  the  "Random  Covalent  Model"  of 
2  , 

Betts  et  al  and  to  approximately  2$  with  the  area  calculated 
from  their  "Dilute  x  Model".  Hence,  these  areas  lend  strong 
support  for  the  validities  of  the  models.  Each  of  these  mod¬ 
els  have  as  their  basis  the  four-fold  coordination  of  Ge  and 
two-fold  coordination  of  Te,  in  keeping  with  the  structural 
picture  of  Mott-Cohen,  Fritzsche  and  Ovshinsky.  They  differ 
only  in  the  details  of  the  arrangement. 

2.  The  first  peak  of  the  radial  distribution  is  at  2.65  A.  This 
is  only  slightly  longer  than  the  expected  covalent  GeTe  sepa¬ 
ration  of  2.57  A.  This  slight  discrepancy  is  to  be  expected, 
since  Te-Te  bonds  still  account  for  approximately  40$  of  the 
area.  Note,  however,  that  this  distance  is  significantly 
smaller  than  the  2.84  A  nearest  neighbor  Ge-Te  separation  in 
crystalline  GeTe,  where  the  bonding  is  almost  semi-metallic 
in  nature. 

Hence,  we  believe  the  results  point  strongly  towards  a  picture  of 
covalent  bonding.  Other  experiments  described  below  reinforce  this  con¬ 
clusion. 

In  our  previous  descriptions  of  this  work,  we  have  also  discussed 
the  potential  ambiguities  in  interpretation  associated  with  the  possi- 

7 

bility  of  phase  separation.  Careful  studies  by  Chaudhari,  as  well  as 
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our  own  initial  efforts  described  below,  indicate  that  there  is  no  phase 

separation  at  the  closely  related  composition  Ge,_Te__.  Hence,  this  am- 

.15  £5 

biguity  has  been  removed. 

/ 

Finally,  we  should  indicate  that  we  have  considerably  Improved  our 
x-ray  diffraction  procedures.  As  a  result,  we  have  just  obtained  better 
radial  distributions  from  samples  of  different  compositions.  These  will 
be  analyzed  and  discussed  in  the  next  report. 


1.  A.  Bienenstock,  F.  Betts,  and  S.  E.  Ovshlnsky,  J.  Non-Crystl.  Solids 
2,  347  (1970). 

2.  F.  Betts,  A.  Bienenstock  and  S.  R.  Ovshlnsky,  J.  Non-Crystl.  Sclids 
4,  554  (1970). 

3.  N.  F.  Mott,  Advan.  Phys.  16,  49  (1967). 

4.  M.  H.  Cohen,  H.  Fritzsche  and  S.  R.  Ovshlnsky,  Phys.  Rev.  Letters  22, 
1065  (1969). 

5.  D.  T.  Keating,  J.  Appl.  Phys.  34,  923  (1963). 

6.  A.  I.  Bienenstock,  F.  Betts,  D.  T.  Keating  and  J.  deNeufville,  Bull. 
Amer.  Phys.  Soc.  15,  1616  (1970).  A  manuscript  is  now  being  prepared 
for  publication.  This  work  was  partially  supported  by  the  Atomic  En¬ 
ergy  Commission  through  Brookhaven  National  Laboratory's  neutron  dif¬ 
fraction  facilities  and  Dr.  Keating's  participation.  In  addition,  Dr. 
deNeufville 's  participation  was  supported  by  Energy  Conversion  Devices, 
Inc. 


7.  P.  Chaudhari,  private  communication 
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C.  Phase  Separation  in  Ge-Te  Films  (Y.  Verhelle,  G.  Fisher  and  A. 

Bienenstock) 

As  indicated  above,  one  source  of  ambiguity  in  the  radial  distribu¬ 
tion  studies  performed  by  us  on  the  Ge-Te  alloy  system  is  associated  with 
the  possibility  that  the  materials  phase  separate.  Hence,  we  have 
searched  for  phase  separation  in  sputtered  Ge^Te^^  films  with  composi¬ 
tions,  x  =  0.2,  0.33  and  0.5,  as  well  as  evaporated  films  with  x  =  0.5, 
using  transmission  electron  microscopy.  In  all  cases,  the  films  were 
deposited  onto  carbon  coated  electron  microscope  grids.  The  evaporated 
films  are  of  the  type  used  for  ultraviolet  photoemission  studies. 

Thus  far,  no  phase  separation  has  been  observed.  We  have  thought 
of  three  possible  explanations  for  this.  The  first  is  that  the  systems 
do  not  "want"  to  phase  separate.  Some  evidence  supporting  this  picture 
comes  from  two  sources.  The  first  is  the  glass  transition  temperature 
versus  composition  study  on  the  Ge-Te  system  by  J.  deNeufville.1  He 
finds  no  evidence  of  the  plateau  expected  when  there  is  phase  separation. 
In  addition,  P.  Chaudharl  has  studied  samples  of  the  composition  x  =  0.15. 
He  finds  no  separation  in  these  materials  even  when  they  are  maintained 
at  elevated  temperatures.  Indeed,  the  materials  seem  to  crystallize 
without  any  tendency  for  liquid-liquid  separation.  This  second  observa¬ 
tion  cannot,  however,  be  used  to  rule  out  separation  for  compositions 
other  than  x  =  0.15. 

It  is  also  possible,  however,  that  the  samples  studied  never  reached 
sufficiently  elevated  temperatures  so  that  there  was  sufficient  mobility 
for  phase  separation.  For  this  reason,  we  have  obtained  a  hot  stage  for 
the  electron  microscope  and  are  reexamining  the  films  at  elevated  temper¬ 
atures  . 
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Finally,  it  is  possible  that  we  have  missed  the  phase  separation 
through  inexperience  in  observing  it.  To  make  sure  that  this  is  not 
the  case,  and  to  obtain  experience,  we  are  now  preparing  films  of  ma¬ 
terials  which  are  known  to  separate. 


1.  J.  deNeufville,  private  communication. 

2.  P.  Chaudhari,  private  communication. 
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D,  X-Ray  Induced  Photoemission  Studies  (F.  Betts,  A.  Bienenscock  and 

C ,  Bates) 

In  the  original  research  proposal  for  this  contract,  it  was  indi¬ 
cated  that  we  intended  to  examine  the  feasibility  of  using  x-ray  induced 
photoemission  and  x-ray  absorption  edge  measurements  for  the  study  of 
bonding  and  coordination  of  impurities  in  amorphous  materials.  Results 
obtained  thus  far  indicate  that  these  are,  indeed,  most  valuable  tools. 

In  our  earlier  radial  distribution  work,  it  was  shown  that  the  Ge- 
Te  amorphous  alloys  can  be  characterized  by  covalent  bond  distances. 

The  existence  of  the  covalent  bonding  is  obtained  by  inference.  The 
results  obtained  with  the  x-ray  photoemission  and  absorption  edge  tech¬ 
niques  are  much  more  direct  in  their  indication  of  covalent  bonding. 

Both  work  on  essentially  the  same  principle.  Since  the  photoemission 
is  somewhat  better  understood,  it  is  described  first. 

When  an  atom  loses  an  electron  through,  say,  the  classical  type  of 
ionic  bonding,  its  core  electrons  are  more  strongly  bound  to  the  nucleus. 
As  a  result,  the  energy  required  to  create  a  free  core  electron  of  fixed 
kinetic  energy  through  the  x-ray  photoemission  effect,  is  greater.  By 
measuring  the  kinetic  energies  of  electrons  ejected  through  irradiation 
by  characteristic  x-rays,  it  is  possiblT  to  measure  the  bonding  energies 
relative  to  the  Fermi  energy  of  the  sample  in  contact  with  the  spectrome¬ 
ter. 

In  the  work  described  here,  performed  on  a  Varian  IEE  spectrometer, 
we  have  studied  both  Ge  and  chalcogenide  core  shell  binding  energies  in 
various  Ge-chalcogen  alloys  and  compounds.  The  work  shows,  quite  defin¬ 
itively,  that  the  core  shell  binding  energies  are  significantly  greater 
in  crystalline  GeTe,  GeSe  and  GeS  than  they  are  in  the  amorphous  materials, 
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so  that  the  bonding  in  the  amorphous  materials  is  significantly  more 
covalent . 

5/2 

In  Table  1,  the  measured  shifts  of  the  Ge  3d  and  appropriate 
5/2  5/2  3/2 

chalcogen  (Te  3d  ,  Se  3d  or  S  2p  )  core  levels  are  tabulated 
for  a  number  of  materials .  The  sign  convention  is  chosen  such  that  a 
positive  shift  Indicates  stronger  binding  and  implies,  for  Ge,  stronger 
ionic ity.  Similarly,  the  more  negative  the  chalcogen  shift,  the  more 
ionic  it  is. 

Table  1.  X-RAY  PHOTOEMISSION  SPECTROSCOPY  DETERMINED  BINDING  ENERGY 
SHIFTS  OF  THE  Ge5'2  CORE  LEVEL  AND  APPROPRIATE  CHALCOGEN  CORE  LEVELS 
RELATIVE  TO  CRYSTALLINE  Ge  AND  THE  «*PROPRIATE  CHALCOGENS. 


Sample 

Ge  Shift  (eV) 

Chalcof 

fen  Shift  (eV) 

GeTe  (crystalline) 

3.6 

GeSe  (crystalline) 

2.9 

-2.7 

(Se  3d5/2) 

C8.15Te.eiSb.02S.02  <*"°n.hou») 

1.1 

(Te  3d5/2) 

0e.15T*.81As.02S.02  <a"0rph0UB 1 

1.1 

+0.4 

0e.15To.81As.02S.02  (crystallized) 

3.1 

0,.20T'.80  <a"0rph0US) 

1.1* 

+0.4 

Ge  33Te  g7  (amorphous) 

1.0* 

+0.4 

Ge  _-Te  (amorphous) 
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0.8* 

+0.4 

Ge  __Te  „„  (amorphous) 
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1.1* 

3/2 

(S  2p  ) 

GeS  (crystalline) 

1.9 

-2.5 

The  shifts  may  be  summarized  in  the  following  manner.  In  the  crys¬ 
talline  materials,  the  Ge  shift  ranges  from  1.9  to  3.6  eV,  while  in  the 
amorphous  materials  it  is  approximately  1  eV.  Similarly,  the  crystalline 
chalcogen  shifts  are  of  the  order  of  -2.5  eV,  while  the  amorphous  shifts 
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are  all  +0.4  eV.  The  very  large  shifts  for  the  crystalline  materials 
and  the  very  small  shifts  for  the  amorphous  materials  Imply  that  the 
bonding  in  the  amorphous  materials  is  much  more  covalent  than  In  the 
crystalline. 

More  detai7,ed  analyses  of  these  shifts  are  now  under  way.  Focus 
has  centered  about  crystalline  and  amorphous  GeTe.  Here,  work  func¬ 
tions  determined  from  work  described  In  Section  II. F  of  this  report 
are  available.  For  the  crystalline  GeTe,  in  accord  with  the  work  of 
Fadley,  et  al,1  we  have  attempted  to  account  for  the  Ge  shift  In  terms 
of  two  predominant  contributions.  These  are  the  free  Ion  core  shifts, 

2 

as  a  function  of  Ionization,  ns  obtained  from  Hartree-Fock  calculations, 
and  the  Madelung  field  contributions.  Unfortunately,  the  shift  calcu¬ 
lated  from  these  two  effects  Is  too  small,  relative  to  the  measured 
value,  unless  an  extremely  large  effective  charge  is  chosen.  Efforts 
to  resolve  this  difficulty  are  now  in  progress.  It  should  be  pointed 
out,  however,  that  other  workers1  with  this  method  have  faced  similar 
difficulties. 


1.  C.  S.  Fadley,  S.  B.  M.  Hagstrom,  M.  P.  Klein  and  D.  A.  Shirley, 
J.  Chem.  Phys.  48,  3779  (1968). 

2.  E.  Clementi,  "Tables  of  Atomic  Functions,"  a  supplement  to  the 
paper,  IBM  J.  Res.  Dev.  9,  2  (1965). 


E.  X-Ray  Absorption  Edge  Spectroscopy 


Because  the  equipment  Is  readily  available  at  Stanford  and  could 
be  improved  for  the  performance  of  high  accuracy  work,  we  have  also 
examined  the  bonding  in  amorphous  Ge-Te  alloys  with  x-ray  absorption 
edge  spectroscopy  (XAES).  While  no  satisfactory  theory  exists  for  the 
structure  of  the  x-ray  absorption  edge,  there  is  a  considerable  body  of 
experimental  data  on  a  wide  range  of  materials,  including  amorphous 
forms.  A  number  of  germanium  compounds  of  particular  interest  have 
been  investigated,  including  amorphous  germanium,  as  well  as  the  tetra¬ 
hedral  and  octahedral  allotropes  of  GeO  . 

Work  here  has  been  concerned,  primarily,  with  measurements  of  the 
absorption  er'  s  energy  in  these  materials.  It  has  been  found  empiri¬ 
cally  that  cation  core  level  absorption  edges  shift  to  lower  energies 
with  increasing  ionicity.  Here,  a  decrease  in  energy  is  defined  as  a 
decrease  in  the  photon  energy  associated  with  the  absorption  edge.  As 
shown  in  Table  2,  the  amorphous  Ge-Te  alloys  show  Ge  absorption 

edge  shifts  of  approximately  -1.1  eV  relative  to  crystalline  Ge,  while 
crystalline  GeTe  and  GeSe  show  shifts  of  approximately  -2.4  eV.  These 

results  should  be  compared  with  those  for  GeSe2*  and  the  two  allotropes 
2 

of  GeOg.  Covalently  bonded,  tetrahedrally  coordinated  Ge  in  GeSe2  and 
the  quartz  structure  of  Ge02  shows  no  measureable  shift.  In  the  ionic, 
rutile  structure  (octahedral  coordination)  form,  the  core  shift  is  -6  eV. 
Hence,  these  results  also  indicate  that  the  bonding  in  amorphous  Ge-Te 
alloys,  including  amorphous  GeTe,  is  considerably  more  covalent  than  in 
crystalline  GeTe.  The  results  also  indicate  our  capability  to  determine 
covalent  character  with  this  technique.  Further  efforts  are  under  way 
to  increase  the  resolution  of  our  equipment. 
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Table  2 .  SHIFTS  OF  THE  Ge  Ka  ABSORPTION  EDGE  REIATIVE  TO  CRYSTALLINE  Ge . 


Sample 

Shift 

(eV) 

GeTe 

-2.48 

±  0.1 

GeSe 

-2.35 

±  0.1 

*Ge  34Te  gg  (amorphous) 

-1.16 

±  0.1 

*Ge  3gTe  g2  (amorphous) 

-1.13 

±  0.1 

*Ge  __Te  (amorphous) 

.57  .43 

-1.11 

±  0.1 

*0e.15Te.81Sb.02S.02  <‘‘"°rphOUS) 

-1.31 

±  0.2 

Ge  (amorphous) 

+1.0 

±  1.0 

GeO  (quartz  structure)- 

0.0 

±1.0 

GeOg  (rutile  structure) 

-6.0 

±  1.0 

GeSe2 

0.0 

±  0.4 

1.  C.  Maude,  R.  Patil  and  A.  Nigavekar,  Nature  211,  518  (1966).  C. 
Mande  and  R.  Patil,  Indian  J.  Pure  and  Appl.  Phys.  3,  484  (1965). 


2.  E.  W.  White  and  H.  A.  McKinstry,  in  Advances  in  X-Ray  Analysis, 
Vol.  9  (Plenum  Press,  New  York,  1965). 


F.  Photoemission  Studies  of  GeTe  (G.  B.  Fisher  and  W.  E.  Spicer) 

The  photoemission  study  of  germanium  telluride  is  proceeding 
smoothly.  The  results  obtained  for  amorphous  GeTe  are  intriguing  in 
themselves,  but  are  also  interesting  because  they  are  so  different  from 
the  results  for  polycrystalline  GeTe.  Two  of  our  aims  are  to  gain  knowl¬ 
edge  of  the  density  of  states  in  the  amorphous  material  and  obtain  an  up¬ 
per  limit  on  the  density  of  bulk  states  existing  within  the  forbidden  gap. 

Electron  energy  distributions  (EDCs)  at  photon  energies  from  6.2  eV 
to  11.7  eV  and  measurements  of  photoelectric  yield  have  been  obtained 
from  amorphous  and  polycrystalline  films  sublimed  from  a  source  of  poly¬ 
crystalline  GeTe.  The  amorphous  films  are  evaporated  onto  a  room  temper¬ 
ature  substrate  (Mo),  while  the  polycrystalline  films  were  obtained 
both  by  annealing  an  amorphous  film  at  160°C  and  by  evaporating  onto  a 
substrate  held  at  170 °C.  A  quartz  oscillator  thickness  monitor  measured 

the  thickness  of  films.  Thicknesses  between  1300  A  and  2500  A  were  used. 

-7 

The  pressure  during  evaporation  reached  10  Torr  in  a  system  with  a  base 
pressure  of  2  x  10  Torr.  In  order  to  attempt  to  lot*  at  states  below 

the  normal  threshold,  EDCs  were  taken  on  an  amorphous  film  exposed  to 
cesium. 

The  unnofmalized  EDCs  in  Fig.  12  show  the  results  at  three  photon 
energies  for  an  amorphous  film.  There  are  two  relatively  sharp  peaks, 

1.5  eV  and  about  3.1  eV  below  the  high  energy  cutoff.  All  of  the  struc¬ 
ture  in  the  EDCs  moves  out  in  energy  as  hv  is  increased  according  to 
the  equation 

E  =  hv  +  E^  , 
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where  E  is  the  final  and  the  initial  energy.  It  is  important  to 

note  that  the  shape  of  the  structure  does  not  change  a?  it  moves  out. 
These  facts  together  mean  it  is  possible  that  the  structure  seen  is 
representative  of  the  density  of  filled  states  below  the  forbidden  gap. 
The  high  energy  cutoff  is  sharp.  Further  work  should  indicate  to  what 
degree  states  in  the  gap  and/or  instrumental  broadening  contribute  to 
the  leading  edge. 

The  photoelectric  yield  of  amorphous  GeTe  (Fig.  13)  rises  smoothly 
from  threshold,  leveling  off  at  a  yield  of  0.015  electrons/incident  pho¬ 
ton  at  high  energies.  The  yield  of  the  polycrystalline  films  was  nearly 
Identical  above  threshold  to  the  amorphous  ones.  However,  the  threshold 
as  determined  from  the  yield  measurement  is  5.02  ±  .07  eV  compared  to 
5.39  ±  .07  eV  for  the  amorphous  material.  The  yield  curves  were  best 
fit  by  the  expression 


(hv  -  E  )3 

y  - - T— 

(hv) 

which  gave  each  threshold  energy  (ET>.* 

The  EDCs  of  the  polycrystalline  film  are  strikingly  different  (Fig. 
14)  from  those  of  amorphous  GeTe.  We  no  longer  see  two  peaks  moving 
with  photon  energy.  The  polycrystalline  EDCs  (Fig.  15)  exhibit  a  shoul¬ 
der  about  0.9  eV  back  from  the  leading  edge  which  moves  directly  with 
photon  energy.  However,  the  main  peak  moves  away  from  the  leading  edge 
with  increasing  photon  energy,  indicating  possible  matrix  element  effects 

due  to  k  conservation  in  transitions  to  chat  energy.  The  great  differ- 

2  3 

ence  in  short  range  order  between  amorphous  and  polycrystalline  GeTe  ’ 
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UNNORMALIZED  EDO's 
AT  10.2  cV  FROM 
AMORPHOUS  FILMS  OF 
Ge  AND  GeTe. 
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and  the  resulting  effect  on  the  electron  states  way  in  part  explain  the 
great  difference  in  their  EDCs. 

Cesiation  of  an  amorphous  film  showed  no  conclusive  structure  below 
the  clean  threshold.  Above  photon  energies  of  10.7  eV  a  distinct  third 
peak  does  appear  at  the  low  energy  end  of  the  EDCs .  However,  the  shift 
to  lower  energies  of  the  second  peak  of  the  EDCs  at  higher  photon  ener¬ 
gies  and  the  fact  that  the  new  peak  doos  not  move  with  photon  energy  i*' 
the  range  examined  are  strong  indications  that  the  new  peak  consists  of 
scattered  electrons.  If  the  threshold  could  be  lowered  significantly 
below  the  3.6  eV  value  obtained  at  this  time,  another  cesiation  experi¬ 
ment  would  be  justified. 

In  considering  the  EDCs  of  amorphous  GeTe,  it  is  intriguing  to  note 

4 

that  both  the  EDCs  of  amorphous  Ge  and  the  present  data  show  a  peak  1 .5 
dV  below  the  high  energy  edge.  In  Section  I.C,  we  tentatively  associated 
the  peak  near  1.5  eV  in  amorphous  Ue  with  the  covalent  bond.  In  amorphous 
GeTe  it  appears  that  the  Ge  atoms  are  four-fold  coordinated  as  in  amor¬ 
phous  Ge,  whereas  the  Te  atoms  have  two  bonds  as  in  amorphous  Te.  Thus, 
one  might  tentatively  associate  the  GeTe  peak  near  -1,5  eV  with  a  Ge  bond 
and  the  peak  near  -3  eV  with  the  Te  bond.  This  model  is  obviously  over¬ 
simplified.  For  example,  it  does  not  distinguish  between  Ge  atoms  bonded 
to  Te  atoms  and  Ge  atoms  bonded  to  Ge  atoms.  However,  it  seems  a  useful 
starting  point  for  future  investigations. 

Some  care  has  been  taken  to  insure  that  the  films  we  have  examined 
are  Indeed  GeTe.  Microprobe  analysis  (spot  size  ~1  fi)  of  the  r.ample 
shows  a  uniform  composition  of  5Q$  atomic  Ge  and  50$  atomic  Te  within 
0.5$.  The  annealed  film  shows  the  characteristic  peaks  of  crystalline 
GeTe  in  x-ray  diffraction  with  no  Ge  or  Te  peaks  present.  Unheated  films 
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appear  amorphous  since  they  show  no  peaks  at  all.  Furthermore,  trans¬ 
mission  electron  microscopy  with  a  resolution  capability  of  at  least 
50  A  was  done  on  samples  (~600  A  thick)  evaporated  under  the  same  con¬ 
ditions  as  the  films  studied.  There  was  no  sign  of  phase  separation 
and  the  very  few  crystallites  present  (less  than  0.1$  by  volume)  were 

each  approximately  one  micron  in  diameter.  Thus  far  it  would  seem 

5 

reasonable  to  say  that  GeTe  does  evaporate  as  a  molecular  beam  and 
forms  consistently  reproducible  thin  films  of  GeTe. 

Currently  experiments  on  the  ultraviolet  reflectivity  of  amorphous 
and  polycrystalline  GeTe  are  being  completed.  Together  with  the  photo¬ 
emission  results,  these  data  will  allow  for  the  calculation  of  a  density 
of  states  in  at  least  the  amorphous  material. 


1.  J.  M.  Ballantyne,  private  communication. 

2.  A.  Bienenstock,  F.  Betts  and  S.  R.  Ovshinsky,  J.  Non-Crystl.  Solids 
2,  347  (1970). 

3.  F.  Betts,  A.  Bienenstock  and  S.  R.  Ovshinsky,  J.  Non-Crystl.  Solids 
4,  554  (1970). 

4.  T.  M.  Donovan  and  W.  E.  Spicer,  Phys.  Rev.  Letters  21^,  1572  (1968). 

5.  W.  E.  Howard  and  R.  Tsu,  Phys.  Rev.  Bl,  4709  (1970). 


G.  Photoemission  Work  on  As„Se„  and  Se  (R.  Powell  and  W.  Spicer) 

Photoemission  studies  of  As^Se^  are  planned  over  a  wide  range  cf 
photon  energies  and  temperatures.  Both  materials  will  be  investigated 
in  the  amorphous  and  crystalline  states.  In  addition,  to  better  under¬ 
stand  the  nature  of  electrical  conduction  in  the  amorphous  state,  the 
effects  of  Group  II  dopants  (e.g.,  Cu)  on  the  electronic  band  structure 

will  be  studied.  For  this  work,  a  high  vacuum  system  has  been  built 

-12 

which  is  capable  of  reaching  pressure  of  approximately  10  torr  and 
which  has  the  high  pumping  speed  needed  during  the  sample  evaporation. 
The  photoemission  flange  is  now  under  construction. 


H.  Radial  Distribution  Studies  of  Si-Tfc  Alloys  (K.  Connell  and  A. 

Blenenstock) 

As  stated  above,  one  of  the  most  striking  features  of  the  Ge-Te 
alloy  radial  distributions  is  that  amorphous  and  crystalline  GeTe  short 
range  orders  are  quite  different.  That  is,  amorphous  GeTe  shows  a  small 
coordination  number  and  interatomic  distances  typical  of  the  covalent 
radii.  Crystalline  GeTe,  on  the  other  hand,  shows  significantly  longer 
nearest  neighbor  distances  and  higher  coordination.  Since  this  differ¬ 
ence  between  the  amorphous  and  crystalline  short  range  orders  is  so  un¬ 
usual  in  nature,  tends  to  eliminate  the  possibility  of  a  microcrystal¬ 
line  model  for  the  material  and  also  forms  the  major  experimental  evidence 
of  the  validity  of  the  Mott-CFO  structural  model,  it  seemed  important  to 
determine  whether  the  difference  is  unique  to  this  particular  system. 

To  determine  this,  it  was  decided  to  perform  radial  distribution 
studies  of  amorphous  and  crystalline  Si-Te  alloys  in  the  composition 
range  SiTe^  to  Si^Te^.  The  nature  of  the  stable  crystalline  form  in 
tills  portion  of  the  Si-Te  phase  diagram  is  still  in  dispute.  Neverthe¬ 
less,  there  is  considerable  evidence  which  indicates  that  the  bonding 
is  far  from  that  expected  from  the  Mott-CFO  model  and  that  the  Si-Te 
nearest  neighbor  distance  is  over  3  A,  which  is  considerably  larger 
than  the  sum  of  the  covalent  radii  (2.6  A).  Hence,  the  appearance  of 
a  more  covalent  arrangement  in  the  amorphous  materials  would  add  more 
justification  for  that  model. 

Initial  work  has  been  performed  on  amorphous  SiTe2.  Samples  for 
the  radial  distribution  study  were  supplied  by  J.  de  Neufville  of  Energy 
Conversion  Devices,  Inc.  These  consisted  of  sputtered  films  approximately 
60  microns  thick.  X-ray  diffraction  intensity  data  were  measured  and 
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analyzed.  The  resulting  radial  distribution  Is  shown  In  Fig.  17.  As 
can  be  seen  from  the  strong  oscillations  at  small  r  values,  this  ra¬ 
dial  distribution  Is  not  of  sufficient  quality  for  publication.  Never¬ 
theless,  the  peak  at  approximately  2.6  A  Is  expected  to  remain  essen¬ 
tially  unchanged  as  the  radial  distribution  itself  is  improved.  This 
distance  is  almost  exactly  the  sum  of  the  SiTe  covalent  radii  and  much 
smaller  than  the  3.04  A  Si-Te  distance  proposed  for  the  crystalline 
material.  Hence,  we  anticipate  that  an  Improved  radial  distribution 
will  show  covalent  bonding  and  small  coordinations  In  this  amorphous 
material.  In  addition,  it  should  be  noted  that  the  second  peak  occurs 
at  approximately  4.1  A.  If  this  peak  is  assumed  to  correspond  to  Te-Te 
next  nearest  neighbors,  then  the  ratio  of  the  first  neighbor  peak  posi¬ 
tion  to  the  second  neighbor  peak  position  is  exactly  that  appropriate 
for  tetrahedra  of  Te  containing  Si  atoms  at  their  centers.  Thus,  crude 
as  it  is,  this  radial  distribution  presents  strong  evidence  for  a  struc¬ 
ture  in  which  each  Si  atom  sits  at  the  center  of  a  tetrahedron  formed 
of  Te  atoms.  That  is,  the  structure  is  quite  similar  to  that  of  amor¬ 
phous  SiO  .  Hence,  there  is  now  good  reason  to  believe  that  the  Mott- 

m 

CFO  structural  model  is  a  generally  valid  picture  for  the  chalcogenide 
amorphous  materials  and  that  it  holds  even  for  those  materials  which 
cannot  be  described  in  that  manner  when  they  are  crystalline. 

Work  is  now  under  way  to  improve  the  quality  of  this  radial  distri¬ 
bution.  Another  set  of  x-ray  intensities  are  being  measured  and  the 
radial  distribution  will  be  recomputed.  In  addition,  radial  distribu¬ 
tions  will  be  evaluated  for  the  composition  SigTe^  and  for  the  corre¬ 
sponding  crystalline  forms  so  that  existing  ambiguities  in  the  litera¬ 
ture  will  not  prevent  us  from  interpreting  the  differences  or  relation¬ 
ships  between  the  crystalline  and  amorphous  structures. 
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INTENSITY  (  10’  ELECTROMSV  ANGSTROM  ) 


III.  MORE  COMPLEX  SYSTEMS 


In  Section  III,  more  complex  systems  closely  related  to  technologi¬ 
cal  application  are  discussed.  In  the  first  subsection,  work  on  the 
role  of  Group  II  metals  in  preventing  the  oxidation  degradation  of  the 
Infrared  transmission  properties  of  As2S@3  is  described.  In  the  second 
subsection,  the  fruits  of  efforts  to  understand  photoconductivity  in  com¬ 
plex  chalcogenide  glasses  are  presented. 
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A.  Impurity  Effects  in  As^Se^  (K.  Liang  and  A.  Bienenstock) 

As  indicated  in  the  original  proposal  it  was  our  intention  to 
assess  the  possibility  of  using  local  mode  infrared  spectroscopy  to 
understand  the  role  of  Be  and  Mg  impurities  in  the  conductivity  of 
^s2^e3*  These  impurities  were  chosen  for  study  because  of  thoir  very 
small  modification  of  As2Se3  ’s  *•  inductivity.  This  small  modification 
is  quite  different  from  the  large  modification  resulting  from  the  ad¬ 
dition  of  Cu. 

Our  initial  work  on  these  materials  centered  around  samples  which 
had  been  prepared  approximately  a  year  earlier  and  which  had  been  sit¬ 
ting  in  air  during  the  intervening  period.  The  samples  were  bulk  glasses 
of  "pure"  As2Se3,  as  well  as  bulk  glasses  which  contained  5  or  10$  addi¬ 
tions  of  Be,  Mg,  Ca,  Zn  and  Cu.  The  samples  were  polished  to  a  form 
suitable  for  infrared  absorption  measurements. 

The  absorption  spectrum  from  the  "pure"  As2Se3  sample  is  shown  in 
Fig.  18.  Three  strong  absorption  peaks,  at  475,  635  and  780  cm  1,  are 
evident.  These  peaks  are  similar  to  those  obtained  by  Vasko  et  al1  in 
their  study  of  the  effect  of  oxygen  on  the  absorption  spectrum.  These 
authors  associate  the  two  high  frequency  peaks  (635  and  780  cm  S  with 
the  presence  of  oxygen  impurities,  while  the  475  cm  1  peak  is  apparently 
associated  with  pure  ASgSe^ . 

Also  shown  on  Fig.  18  is  the  absorption  spectrum  of  a  sample  with 
5 $  Be.  The  most  important  feature  of  this  spectrum  is  the  absence  of 
the  635  and  780  cm  1  peaks.  Similar  results  are  obtained  through  the 
addition  of  5$  or  Ca.  These  results  indicate  that  Group  II  metals 
can  be  used  to  prevent  the  degradation  of  the  ASgSe^  infrared  transmis¬ 
sion  characteristics  by  oxygen. 
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Figure  18.  Infrared  absorption  spectrum  of  (top)  As_Se  +5%  Be  and  (bottom) 


2 

A  similar  type  of  result  has  been  obtained  by  LaCourse  et  al  who 
studied  the  effect  of  oxygen  on  the  Infrared  absorption  of  amorphous  Se. 

They  find  that  oxygen  in  the  pure  Se  introduces  new  absorption  peaks, 
while  the  addition  of  many  metals  suppresses  the  new  oxygen  peaks.  These 

m 

results  are  technologically  important  because  they  may  point  the  way  to 
a  method  of  preventing  oxygen  degradation  of  infrared  windows.  The  fact 
that  such  suppression  takes  place  in  both  Se  and  As2So3  indicates  that 
the  phenomenon  is  probably  general  and  applicable  to  existing  infrared 
window  materials.  Indeed,  it  may  facilitate  the  fabrication  of  large 
windows,  where  high  vacuum  techniques  are  cumbersome  and  where  the  oxi¬ 
dation  absorption  peaks  prevent  use  of  the  material  in  other  than  the 
deoxidized  form. 

For  this  reason,  emphasis  in  this  program  has  shifted  away  from  the 
original  objective.  It  is  now  our  intention  to  systematically  study  the 
role  of  metallic  additives  in  the  infrared  absorption  properties  of  pure 
and  oxidized  chalcogenide  glasses.  Towards  this  end,  we  are  constructing  . 

a  high  vacuum  glass  preparation  system  so  that  the  oxidation  of  the  sam¬ 
ples  can  be  controlled  and  so  that  large  numbers  of  samples  can  be  prepared. 

This  construction  is  essentially  completed  and  the  system  will  soon  be 
tested. 

At  the  same  time,  we  are  aware  that  any  improvements  in  resistance 
to  oxidation  degradation  achieved  by  such  metallic  additions  might  be 
counterbalanced  by  compensating  decreases  in  the  quality  of  other  proper¬ 
ties.  For  this  reason,  we  have  decided  to  examine  the  softening  tempera¬ 
tures  of  these  materials  through  DTA  measurements.  While  such  a  program 
must  await  completion  of  the  sample  preparation  equipment,  we  have  made 
preliminary  studies  on  the  old  materials.  These  indicate  a  very  slight 
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(1-5 °C)  shift  downward  of  the  softening  temperature.  This  should  not 
be  of  technological  importance.  On  the  other  hand,  the  same  studies 
indicate  that  the  crystallization  rate  increases  markedly  at  approxi¬ 
mately  310°C.  To  be  more  precise,  the  DTA  studies  performed  at  a 
20°C/min  heating  rate  show  the  beginning  of  a  crystallization  exotherm 
at  310 °C  in  the  5$  Mg  sample.  The  exotherm  peak  is  at  approximately 
325 °C.  A  similar  DTA  study  of  the  "pure"  As0Se0  shows  no  such  exotherm. 

A  J 

These  studies  will  be  extended  when  the  sample  preparation  equipment 
construction  is  completed. 

Finally,  we  should  note  that  this  suppression  of  oxidation  degra¬ 
dation  is  not  obtained  through  the  addition  of  all  metals.  Figure  19 
shows  the  absorption  spectrum  obtained  from  a  sample  containing  10$  Cu. 
It  is  apparent  that  the  oxidation  peaks  are  present.  Attempts  to  under¬ 
stand  why  some  metals  do  and  other  metals  do  not  suppress  the  oxidation 
degradation  will  be  undertaken.  In  addition,  we  shall  attempt  to  deter¬ 
mine  if  the  addition  of  metals  suppresses  only  the  initial  degradation 
associated  with  oxygen  in  the  melt  or  also  suppresses  subsequent  oxida¬ 
tion  in  the  atmosphere  at  elevated  temperatures.  Finally,  we  shall  at¬ 
tempt  to  understand  why  the  metallic  additions  increase  the  crystalliza¬ 
tion  rate. 


1.  A.  Vasko,  D.  Lezal  and  I.  Srb,  J.  Non-Cryst.  Solids  4,  311  (1970). 

2.  W.  C.  LaCourse,  V.  A.  Twaddell  and  J.  D.  Mackenzie,  J.  Non-Cryst. 
Solids  3,  234  (1970). 


B.  Photoconductivity  of  Amorphous  Chalcogenides  (Richard  H.  Bube  and 

Thomas  C.  Amoldussen) 

1.  Theoretical  Program 

A  model  for  photoconductivity  has  been  developed  for  amorphous 
chalcogenide  alloys  which  is  able  to  describe  many  of  the  characteristic 
properties  of  these  materials  and  to  provide  a  means  of  determining  the 
characteristic  parameters  of  localized  or  partially  localized  states. 

The  critical  feature  of  the  model,  arrived  at  by  consideration  of  many 
possibilities  in  comparison  with  actual  data,  is  a  high  density  of  effec¬ 
tive  recombination  states  located  within  an  energy  E*  of  each  band  edge, 
the  energy  E*  having  a  value  between  about  0.1  and  0.3  eV  for  different 
materials  investigated.  The  model  describes  appropriately  the  variation 
of  photoconductivity  with  excitation  intensity  at  different  temperatures, 
the  variation  of  photoconductivity  with  temperature  at  different  light 
intensities,  and  the  shift  in  the  temperature  for  maximum  photoconductiv¬ 
ity  with  excitation  intensity.  Additional  data  to  which  the  model  can 
be  profitably  related  are  those  derived  from  measurements  of  thermoelec¬ 
tric  power  and  thermally  stimulated  conductivity.  A  paper  describing  the 
model  is  to  be  presented  at  the  International  Conference  on  Amorphous  and 
Liquid  Semiconductors,  to  be  held  at  the  University  of  Michigan  in  August 
1971. 


a.  Photoconductivity  Characteristics 

Data  on  the  temperature  and  excitation  intensity  depen¬ 
dence  of  photoconductivity  in  amorphous  chalcogenides  are  available  from 
the  work  of  E.  Fagen  at  Energy  Conversion  Devices,  Inc.  The  materials 
used  for  comparison  are  Ge^Teg.^SbgSg  (Material  A),  Si^Ge^ASggPgTe^g 
(Material  B),  and  Ge, -As^.Te-oS-,  (Material  C). 

lo  OO  GO 
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Typical  photoconductivity  curves  for  these  materials  are 
represented  In  Fig.  20  In  order  to  Illustrate  the  major  characteristics 
of  the  behavior. 

(a)  In  the  high-temperature  region  I,  the  photoconductivity  is 
smaller  than  the  dark  conductivity,  varies  linearly  with  ex¬ 
citation  intensity,  and  increases  exponentially  with  1/T. 

(b)  In  the  intermediate  region  II,  the  photoconductivity  becomes 
greater  than  the  dark  conductivity,  varies  as  the  square-root 
of  the  excitation  intensity,  and  decreases  exponentially  with 
1/T. 

(c)  Between  regions  I  and  II,  the  photoconductivity  reaches  a  max¬ 

imum  at  T  .  The  value  of  T  shifts  with  excitation  In¬ 
max  max 

tensity . 

(d)  In  the  low-temperature  region  III,  the  photoconductivity  is 
much  greater  than  the  dark  conductivity,  varies  linearly  with 
excitation  intensity,  and  appears  to  approach  an  almost  con¬ 
stant  asymptotic  value  at  very  low  temperatures. 

Ary  successful  model  must  reproduce  these  characteristics 
in  a  qualitative  way,  and  must  in  addition  provide  the  means  of  deducing 
information  about  the  localized  states  in  the  amorphous  material  in  a 
quantitative  way. 

b.  Summary  of  Model 

We  assume  that  non-localized  states  exist  for  energies 
greater  than  a  conduction  mobility  edge  and  less  than  a  valence  mobility 
edge.  For  energies  between  these  two  edges,  we  assume  a  continuous  dis¬ 
tribution  of  localized  or  partially-localized  states,  extending  from 
oach  mobility  edge  into  the  mobility  gap. 
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The  procedure  for  the  calculation  of  carrier  density  as 
a  function  of  excitation  intensity  and  temperature  is  as  tollows. 

(1)  Consider  a  specific  level  in  the  distribution  of  localized 
states.  By  considering  the  steady-state  conditions  for  the 
occupancy  of  this  1  )vel  as  affected  by  thermal  excitation  to 
each  band,  recombir ation  from  each  band,  and  recombination 
from  upper  localised  levels  to  lower  localized  levels,  derive 
an  expression  for  the  occupancy  of  this  specific  level. 

(2)  By  considering  the  steady-state  conditions  for  the  density  of 
free  carriers  in  terms  of  the  integrated  contributions  of  spec¬ 
ific  levels  from  (1),  calculate  the  desired  variation  of  free 
carrier  density  on  excitation  intensity  and  temperature. 

If  one  starts  with  a  perfectly  general  distribution  of 
localized  states  in  the  forbidden  gap,  it  soon  becomes  clear  that  a 
region  in  which  the  carrier  density  decreases  exponentially  with  1/T 
(Region  II)  occurs  only  if  the  density  of  effective  recombination  cen¬ 
ters  is  limited  to  regions  lying  E*  from  each  band  edge.  The  density 
of  these  effective  recombination  centers  (the  product  of  density  of 
states  and  capture  coefficient)  must  fall  off  with  increasing  E  past 
E*  away  from  the  band  edge  more  rapidly  than  the  Boltzmann  factor  in 
order  to  give  the  observed  Region  II  behavior. 

To  date  we  have  carried  out  the  development  of  the  model 
in  detail  for  the  case  in  which  only  recombination  from  non-localized  to 
localized  states  need  be  considered,  and  for  the  case  in  which  both  this 
recombination  mode  and  the  recombination  mode  involving  direct  localized- 
localized  recombination  is  considered.  We  have  also  carried  out  the  de¬ 
velopment  of  the  model  for  symmetric  localized  state  distributions  and 
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for  asymmetric  localized  state  distributions.  Although  it  proves  possi¬ 
ble  to  describe  all  the  photoconductivity  data  without  including  localized 
localized  recombination,  it  does  not  appear  possible  to  include  also  the 
dark  conductivity  behavior  in  a  single  consistent  representation.  If, 
however,  on  self-consistent  grounds  one  treats  the  high-temperature  be¬ 
havior  of  Region  I  as  being  dominated  by  non-localized  to  localized  re¬ 
combination,  but  the  behavior  of  Regions  II  and  III  as  being  dominated 
by  localized-localized  recombination,  it  is  possible  to  present  a  complete 
consistent  description  of  all  photoconductivity  and  dark  conductivity  data 


c .  Specific  Results  for  Symmetric  Model 

As  an  illustration  of  the  specific  results,  we  describe 
here  the  expressions  for  the  symmetric  form  of  the  model  described  at  the 
end  of  the  last  section,  for  which  a  consistent  picture  can  be  made. 

In  the  high-temperature  Region  I, 


Ap  = 


f  e 


-b/2k 


4p  N£(l/7)  kT 


(1) 


where  Ap  is  the  photoexcited  carrier  density,  f  is  the  excitation 
intensity,  b  is  the  temperature  coefficient  of  the  bandgap, 

E_  =  E  -  bT  , 

G  Go  ’ 

o 

3  is  the  capture  coefficient  of  a  neutral  localized  state,  N£  is  the 
density  of  localized  states  within  E*  of  the  band  edges,  7  is  the 
ratio  of  the  capture  coefficient  of  a  neutral  localized  state  to  a  charged 
localized  state. 
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In  the  intermediate-temperature  Region  II, 


Nc  (1\1/2  r  Ef| 

“  2N£kT  ^K/  6XPL  kT_| 


where  N£  is  the  effective  density  of  non-localized  states,  and  K  is 

the  recombination  coefficient  for  localized-localized  recombination. 

Setting  Eqs.  (1)  and  (2)  equal  permits  a  description  of 

the  variation  of  T  with  f  and  E„. 

max  G 


N] 


o  ...  .2  b/k 
3  (1/y)  e 


exp(-E_  /2kT). 
Go 


The  dark  equilibrium  carrier  density  is  proportional  to 


In  applying  these  results  to  the  general  situation,  it  is 


necessary  to  assume  that  there  may  be  a  temperature  dependent  mobility 
of  the  f  orm 


m  =  n  exp(-E'AT) 
o 


Analysis  of  a  particular  set  of  experimental  data  in  terms 


of  the  model  then  proceeds  as  follows. 


Since  the  activation  energy  for  the  dark  conductivity  is 

C (E_  /2)  +  E’],  and  E  can  be  determined  directly  from 
Go  Go 

the  intensity  dependence  of  T  after  Eq.  (3),  these  two 

max 

pieces  of  information  can  be  used  to  determine  E_  and  E  * . 

GO 
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2.  Since  the  activation  energy  for  the  Region  II  variation  of 

photoconductivity  with  temperature  is  [E*  +  E'],  E*  can 

be  determined.  The  values  of  E„  ,  E*,  and  E'  determined 

Go 

in  this  way  should  now  be  consistent  through  Eq.  (1)  with  the 
activation  energy  for  Region  I. 

2.  The  evaluation  of  other  parameters  of  the  system  can  be  made 
through  the  second  term  in  Eq.  (3)  and  the  theoretical  expres¬ 
sion  for  the  low-temperature  limiting  value. 


d .  Quantitative  Example 


In  order  to  illustrate  the  way  in  which  the  model  can  be 
applied  quantitatively,  consider  actual  data  for  a  specific  excitation 
intensity  for  Material  A. 

There  are  a  total  of  11  parameters:  E^,  E*,  E',  b,  Nc, 
o 

NE,  p  ,  7,  K,  and  j^o.  Here  the  last  quantity  recognizes  the  fact 
that  for  agreement  with  experimental  data,  the  thermally  activated  be¬ 
havior  of  the  mobility  must  give  way  to  a  much  slower  temperature  depen¬ 
dence  at  very  low  temperatures.  There  are  8  equations  which  can  be 
brought  to  bear  to  evaluate  these  parameters.  This  means  that  3  param¬ 
eters  must  either  be  chosen  arbitrarily  or  evaluated  independently.  Here 

-4 

we  may  take  b  =  4  X  10  eV/o,  as  a  reasonable  estimate  from  other 

known  data  on  the  shift  of  the  optical  absorption  edge  in  these  materials 

o  "9  3 

with  temperature;  p  =  10  cm  /sec,  as  a  kind  of  classical  value  for 

2  . 

a  neutral  center;  and  =  20  cm  /V-sec  as  a  reasonable  estimate. 

The  following  values  are  deduced : 

E_  =  0.72  eV 
Go 

E*  =  0.11  eV 
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E*  ii  0.08  eV 


2 

jiy^o  =  0.009  cm  /V-sec 
i  q  -q 

N  -  1.1  x  10  cm 
c 

K  =  2.4  X  10  8  cm3/sec 

N  =3,3  X  1018  cm"3  eV_1 
E 

It  is  our  intention  to  refine  the  model  further,  apply 
it  to  as  many  sets  of  data  as  are  currently  available  to  us,  and  utilize 
it  as  far  as  possible  as  an  aid  in  the  interpretation  of  photoconductiv¬ 
ity  data  on  materials  to  be  prepared  by  us  as  part  of  this  program,  as 
described  in  the  following  section. 

2.  Experimental  Program 

Th'  experimental  work  in  which  we  are  engaged  is  the  investiga¬ 
tion  of  the  electrical  properties  of  amorphous  chalcogenide  alloys  of  the 
generic  type  used  in  switching.  We  plan  to  measure  the  dark  and  photo¬ 
conductivity  as  a  function  of  temperature,  light  intensity  and  wavelength; 
the  optical  absorption  in  the  near  and  far  infrared,  noting  the  shift  in 
optical  energy  gap  with  temperature;  the  drift  and  conductivity  mobilities, 
if  possible;  the  photoconductivity  decry  and  the  thermally  stimulated  con¬ 
ductivity;  and  finally  the  thermoelectric  power  on  those  samples  with  a 
moderately  low  resistivity. 
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a 


Materials 


We  are  investigating  the  following  alloy  compositions 
both  in  thin  film  and  bulk  (wherever  bulk  glassy  samples  of  a  given 
composition  are  possible)  forms. 


Ge(Se  Te, 

y  i-y 


As. (Se  Te, 

2  y  1-y 


where  x  takes  on  values  0,  1/4,  1/2,  3/4,  and  1;  and  y  takes  on 
values  1/3  and  2/3. 

The  reasons  for  choosing  such  a  group  of  materials  are 
1 

the  following. 


(1)  We  wish  to  study  amorphous  chalcogenlde  alloys  of  the  switch¬ 
ing  type,  which  have  component  elements  from  groups  IV,  V,  and 
VI  of  the  periodic  table. 

(2)  With  a  possible  working  model  for  the  conduction  mechanism  and 
density  of  states  for  amorphous  chalcogenlde  alloys,  it  lr  very 
desirable  to  observe  how  the  model's  parameters  vary  with  com¬ 
position  . 

(3)  We  can  simplify  the  compositional  variation  by  choosing  a 
pseudo-binary  series  of  compositions,  e.g.,  Ge-Se  bonds  being 
distinct  from  As-5e  bonds.  We  maintain  the  stoichiometric  ra¬ 
tios  GeSe2  and  As2Se3  in  which  all  bonds  are  single  and  hypo¬ 
thetically  saturated.  Moreover  we  would  expect  that  there 
would  be  few  Ge-Ge,  Se-Se,  As-As,  As-Ge  bonds.  All  these  same 
things  could  be  said  of  compositions  using  Te  in  place  of  Se. 

(4)  For  convenience  and  feasibility  of  measurements,  it  is  desira¬ 
ble  to  look  at  moderately  high  and  low  resistivity  samples 
rather  than  very  high  or  low  resistivity  samples.  For  this 
reason  we  use  a  fixed  ratio  of  selenium  to  tellurium  rather 
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thar  Se  or  Te  alone.  This  preserves  the  binary  aspect  from 
the  standpoint  that  we  still  have  group  IV-V  bonds  and  V-VI 
bonds.  However,  since  Se  bonds  have  a  different  energy  from 
Te  bonds,  we  have  introduced  a  complication  which  makes  this 
a  quaternary  system.  In  order  to  obtain  some  idea  of  the  ef¬ 
fect  of  replacing  Se  by  Te,  we  plan  to  investigate  at  least 
two  series  of  compositions,  each  with  a  different  fixed  ratio 
of  Se:Te.  The  ratios  1:2  and  2:1  should  also  enable  us  to 
look  at  both  bulk  and  thin  films  for  most  compositions . 


b.  Sample  Preparation 

The  preparation  of  both  bulk  and  thin  film  samples  begins 

with  the  loading  of  a  measured  composition  of  the  constituent  elements 

-5 

into  a  quartz  ampule  which  is  evacuated  to  about  10  Torr  and  sealed. 
This  ampule  is  then  fired  at  about  800°C  for  four  to  five  hours  in  a 
rocking  furnace  to  assure  adequate  mixing.  The  ampule  is  removed  from 
the  furnace  and  immediately  quenched  in  a  water  bath. 

At  this  stage  a  portion  of  the  sample  is  removed  and  sub¬ 
jected  to  x-ray  examination  to  determine  whether  or  not  it  is  amorphous. 
If  the  quenched  material  is  indeed  glassy,  it  is  suitable  for  making 
bulk  measurements.  If  bulk  samples  are  to  be  used,  the  larger  chunks 
are  polished  and  shaped,  and  where  desired  sandwich  or  interdigital 
electrodes  are  deposited  by  sputtering  molybdenum  through  a  mask. 

If  thin  film  samples  are  to  be  made,  the  next  step  after 
quenching  the  bulk  material  is  to  prepare  a  sputtering  cathode.  The 
quenched  bulk  (whether  or  not  it  is  glassy)  is  ball  milled  to  a  powder 
of  mesh  about  1  micron  or  less.  This  powder  is  then  hot-pressed  in  a 
3/4  inch  die  to  form  the  sputtering  cathode.  No  thin  films  have  yet 
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been  prepared  since  we  are  awaiting  the  arrival  of  a  glove  box,  as  well 
as  a  hot  press  and  ball  mill  which  will  fit  in  the  glove  box.  The  glove 
box  is  needed  because  the  ball  milling  and  hot  pressing  should  be  per¬ 
formed  under  an  inert  atmosphere  to  prevent  oxidation  at  the  elevated 
temperatures . 

Basically  four  types  of  thin  film  samples  are  anticipated: 
(1)  various  thickness  samples  without  electrodes  for  near  infrared  opti¬ 
cal  absorption  measurements;  (2)  thicker,  narrow  samples  with  end  elec¬ 
trodes  for  thermoelectric  power  measurements  on  the  higher  conductivity 
samples;  (3)  interdigital  electrodes  for  dark  and  photoconductivity  mea¬ 
surements,  as  well  as  photoconductivity  decay  and  thermally  stimulated 
current  measurements;  (4)  sandwich  electrodes  for  drift  mobility  experi¬ 
ments  on  the  higher  resistivity  samples.  In  this  last  case  the  device 
structure  is  somewhat  more  complicated  than  in  the  other  samples.  First, 
a  metallic  substrate  is  used.  A  submicron  film  of  SiC>2  is  deposited  on 

the  metal  substrate  and  the  active  film  is  sputtered  on  top  of  the  Si02« 

0 

Then  another  submicron  film  of  Si02  is  deposited  followed  by  a  1000  A  or 
less  film  of  aluminum  (or  other  metal  which  exhibits  good  transparency 
to  the  electron  beam  used  in  performing  the  drift  mobility  experiment). 
The  SiO  insulator  films  serve  to  prevent  electron  and  hole  injection 

4U 

from  the  electrodes  so  that  all  the  carriers  injected  into  the  sample 
are  due  to  the  electron-hole  pairs  generated  by  the  electron  beam  at 
the  upper  transparent  electrode. 

The  thinner  samples  of  this  type  show  more  promise  in 
measuring  the  drift  mobility,  but  may  exhibit  capacitance  complications. 
On  the  thicker  samples,  it  is  less  likely  that  we  will  be  able  to  measure 
the  carrier  transit  time  and  hence  the  drift  mobility,  but  because  the 
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capacitance  should  be  less  troublesome  we  should  have  a  good  chance  of 
measuring  accurately  the  initial  value  of  the  current  transient  from 
which  the  conductivity  mobility  may  be  obtained. 


